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SUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I;' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS t a t i c  and c y c l i c  end-notched f l e x u r e  (ENF) tests were conducted on three 

materials t o  de termine  t he i r  i n te r l am ina r  shear fracture toughness and f a t i g u e  

t h r e s h o l d s  f o r  de laminat ion  i n  terms of  l i m i t i n g  v a l u e s  of the  mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 s t r a i n  

energy  release ra te ,  G I I ,  f o r  de laminat ion growth. Data were genera ted  f o r  three 

d i f f e r e n t  materials: a T300/BP907 g r a p h i t e  epoxy, an  S2/SP250 g l a s s  epoxy, and 

an  AS4/PEEK g r a p h i t e  t h e r m o p l a s t i c .  The i n f l u e n c e  of p rec rack ing  and data 

r e d u c t i o n  schemes on the  mode I1 toughness and f a t i g u e  behav io r  are discussed.  

F i n i t e  element a n a l y s i s  i n d i c a t e d  t h a t  the beam theory  c a l c u l a t i o n  f o r  G with 

t h e  t r a n s v e r s e  shear c o n t r i b u t i o n  inc luded was reasonab ly  a c c u r a t e  over  t he  

e n t i r e  range  of c rack  l e n g t h s .  However, compl iance measurements f o r  t h e  three 

materials tested,  and t h e  v a r i a t i o n  i n  compl iance w i t h  crack l e n g t h ,  dif fered 

from the  beam theory  p r e d i c t i o n s .  For m a t e r i a l s  t h a t  e x h i b i t e d  l i n e a r  load-  

def lect  ion behav io r ,  

measurements prov ided the most conserva t ive  and accurate estimate of t h e  

i n t e r l a m i n a r  shear f r a c t u r e  toughness. C y c l i c  l o a d i n g  s i g n i f i c a n t l y  reduced t he  

cr i t i ca l  CII f o r  de laminat ion .  A th resho ld  v a l u e  of the maximum cycl ic G I I  below 

which no de lamina t ion  occu r red  a f t e r  one m i l l i o n  c y c l e s  was i d e n t i f i e d  f o r  each 

material t o  q u a n t i f y  t he  degrada t ion  i n  i n t e r l a m i n a r  shear f r a c t u r e  toughness  i n  

f a t i g u e .  In a d d i t i o n ,  res idua l  s t a t i c  toughness  tests  were conducted on g l a s s  

epoxy specimens t h a t  had undergone one m i l l i o n  cycles wi thou t  de lamina t ion .  

These residual  s t a t i c  tests, and the  i n i t i a l  s t a t i c  tests on t h e  tough AS4/PEEK 

g r a p h i t e  t h e r m o p l a s t i c ,  e x h i b i t e d  non l inear  l o a d - d e f l e c t i o n  behav io r .  For these 

cases, t h e  l o a d  a t  d e v i a t i o n  from n o n l i n e a r i t y  was used t o  de termine t h e  

i n t e r l a m i n a r  shear f racture toughness. A l i n e a r  mixed-mode de lamina t ion  criterion 

I1 

va lues  determined from compl iance c a l i b r a t i o n  
% I C  

1 



was used t o  c h a r a c t e r i z e  t h e  s t a t i c  toughness of s e v e r a l  composi te  materials; 

however, a t o t a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC t h r e s h o l d  c r i t e r i o n  appears  t o  be s u f f i c i e n t  f o r  

c h a r a c t e r i z i n g  the f a t i g u e  de lamina t ion  d u r a b i l i t y  o f  composi te  materials w i t h  a 

wide range  of s t a t i c  toughnesses .  

NOMENCLATURE 

Ai 

a 

b 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cO 

‘SH 

0 
‘SH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

E;; 

E;; 

E22 

G1 2 

13 
C 

C 

GC 

Parameters determined 

( i = O , l , 3 )  

Delamination Length 

Beam wid th  

from f i t  of compl iance c a l i b r a t i o n  data 

Flexura l  compliance of  ENF specimen 

F lexura l  compl iance of uncracked ENF specimen (a=O) 

Flexura l  compl iance c a l c u l a t e d  from beam theory  i n c l u d i n g  t h e  

c o n t r i b u t i o n  of t r a n s v e r s e  shear 

Flexura l  compl iance of  uncracked ENF specimen (a=O) i n c l u d i n g  

t h e  con t r i bu t i on  of  t r a n s v e r s e  shear 

A x i a l  modulus of lamina i n  f i b e r  d i r e c t i o n  

A x i a l  modulus of lamina ca lcu la ted  from compl iance measurement i n  

three po in t  bend t es t  

A x i a l  modulus of lamina measured from t e n s i o n  t e s t  of ENF specimen 

Modulus of a u n i d i r e c t i o n a l  lamina t r a n s v e r s e  t o  t h e  f i b e r  d i r e c t i o n  

In-plane shear modulus of a u n i d i r e c t i o n a l  lamina 

Transverse shear modulus of a u n i d i r e c t i o n a l  lamina 

T o t a l  s t r a i n  energy release ra te  f o r  de laminat ion  growth 

C r i t i c a l  v a l u e  of s t r a i n  energy release ra te  f o r  de lamina t ion  o n s e t  
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThreshold maximum c y c l i c  G f o r  de laminat ion  o n s e t  i n  f a t i g u e  

S t r a i n  energy r e l e a s e  r a t e  f o r  de laminat ion  growth due t o  

i n t e r l a m i n a r  t e n s i o n ,  mode I 

‘th 

‘I 

I n t e r l a m i n a r  t e n s i o n  f r a c t u r e  toughness 

S t r a i n  energy r e l e a s e  r a t e  f o r  de laminat ion  growth due t o  

i n t e r l a m i n a r  shear, mode I1 

GI c 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
BT Mode I1 s t r a i n  energy r e l e a s e  r a t e  as c a l c u l a t e d  by beam t heo ry  %I 
SH 

I 
Mode I1 s t r a i n  energy r e l e a s e  rate c a l c u l a t e d  by beam t heo ry  wi th  

t r a n s v e r s e  s h e a r  c o n t r i b u t i o n  

Mode I1 s t r a i n  energy r e l e a s e  r a t e  from f i n i t e  element a n a l y s i s  

I n t e r l a m i n a r  shear f r a c t u r e  toughness  
% I C  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

nn 
LL C r i t i c a l  mode I1 s t r a i n  energy release ra te  a t  de lamina t ion  o n s e t  

Y I c  

c a l c u l a t e d  from compliance c a l i b r a t i o n  measurements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
G::: Cri t ica l  mode I1 s t r a i n  energy release ra te  f o r  de laminat ion  o n s e t  

c a l c u l a t e d  from compliance c a l i b r a t i o n  i n c l u d i n g  t r a n s v e r s e  shear 

sc Cri t ical  mode I1 s t r a i n  energy release ra te  for s u b c r i t i c a l  
% I C  

de laminat ion  growth 

SCSH Cri t ical  mode I1 s t r a i n  energy release ( i n c l u d i n g  t r a n s v e r s e  shear) 
‘ I I C  

f o r  subcr i t ica l  de laminat ion growth 

Threshold maximum c y c l i c  GII f o r  de lamina t ion  i n  f a t i g u e  GII t h  

h Be am ha1 f - t h i  c knes s 

L Beam ha1 f - span 

P Out-of-plane load  

Cri t ica l  l o a d  a t  delaminat ion onse t  

Load a t  o n s e t  of non- l inear  behav io r  

pC 

’NL 

R Rat io  of minimum t o  maximum c y c l i c  l o a d  

x , y , z  C a r t e s i a n  c o o r d i n a t e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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6 Center point out-of-plane displacement 

Critical center point displacement at delamination onset 
6C 

lJ Coefficient of sliding friction for the delaminated ENF specimen 

Poisson's ratio of a unidirectional lamina zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
v1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 . 
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INTRODUCTION 

Delaminat ion f a i l u r e s  commonly occur i n  h i g h l y  loaded composi te  s t r u c t u r e s .  

One o f  the predominant l o a d s  exper ienced by many composi te  s t r u c t u r e s  is 

i n t e r l a m i n a r  shear. Severa l  tests  have been used t o  c a l c u l a t e  i n t e r l a m i n a r  shear 

s t r e n g t h  of composi tes,  b u t  a l l  of them have s e v e r e  l i m i t a t i o n s  [ l ] .  Perhaps the  

most popu lar  of these tests is t h e  s h o r t  beam shear zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(SBS) t es t ,  which c o n s i s t s  

of a small u n i d i r e c t i o n a l  coupon loaded i n  th ree -po in t  bending. Attempts have 

been made t o  g e n e r a t e  i n t e r l a m i n a r  shear  S-N c u r v e s  f o r  composi te l am ina tes  

us ing  t h i s  SBS t e s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[21. However, s h o r t  beam shear test specimens o f t e n  f a i l  i n  

a mode d i f f e r e n t  than i n t e r l a m i n a r  shear  C31. Furthermore,  t h e  i n t e r l a m i n a r  

shear S-N data genera ted  by t h e  SBS test  may no t  r e p r e s e n t  t he  g e n e r i c  material 

behav io r ,  and hence,  may no t  be a p p l i c a b l e  t o  composi te  s t r u c t u r e s  of d i f f e r i n g  

layups  and t h i c k n e s s e s  C41. 

I n  order t o  assess t h e  delaminat ion d u r a b i l i t y  of composi tes under cyc l ic  

l o a d s ,  tes ts  for  i n t e r l a m i n a r  f r a c t u r e  toughness  have been conducted t o  

de termine f a t i g u e  t h r e s h o l d s  f o r  de laminat ion i n  terms of l i m i t i n g  v a l u e s  of  t h e  

s t r a i n  energy  release r a t e ,  G ,  a s s o c i a t e d  w i t h  de laminat ion  growth [5-81. 

Because these f a t i gue  t h r e s h o l d s  are c a l c u l a t e d  i n  terms of C, t h e y  r e p r e s e n t  

g e n e r i c  material behavior  t h a t  is independent of t h e  composi te l ayup  o r  

geometry. The end-notched f lexure  (ENF) test was r e c e n t l y  developed and 

GIIc ’  Of 
e v a l u a t e d  f o r  measur ing t h e  i n te r l am ina r  shear f r a c t u r e  toughness ,  

composi te  materials zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC9-203. T h i s  ENF t e s t  c o n s i s t s  of a 24-ply u n i d i r e c t i o n a l  

beam l oaded i n  th ree -po in t  bending ( f i g . 1 ) .  The specimen c o n t a i n s  an i n s e r t  a t  

t h e  mid-plane of one end t o  s imulate an i n i t i a l  de laminat ion .  The crack t i p  is 



extended beyond the f r o n t  of  the i n s e r t  before l o a d i n g  t o  o b t a i n  a s h a r p  crack 

t i p .  The l o a d  measured a t  the o n s e t  of de lamina t ion  from t he  prec rack  is 

s u b s t i t u t e d  i n t o  an a n a l y s i s  for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG t o  c a l c u l a t e  the  i n t e r l a m i n a r  shear 

f r a c t u r e  toughness,  GI Ic .  I n  t h i s  s t u d y ,  several t echn iques  p r e v i o u s l y  proposed 

t o  c a l c u l a t e  G 

I1 

were eva lua ted  and compared. 
I1 

I n  a prev ious s t u d y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[121 t he  s t a t i c  ENF t es t  was shown t o  be u s e f u l  as a 

means of sc reen ing  v a r i o u s  materials fo r  improved i n t e r l a m i n a r  shear f r a c t u r e  

toughness.  I n  t h i s  s t u d y ,  both  s t a t i c  and cyc l ic  f l e x u r a l  l o a d i n g  was a p p l i e d  t o  

t h e  beam t o  genera te  i n t e r l a m i n a r  shear f racture toughnesses ,  G I I c ,  and f a t i g u e  

t h r e s h o l d s ,  GI I th ,  for glass-epoxy,  graphi te-epoxy,  and g raph i te - the rmop las t i c  

materials. Cyc l i c  loads were a p p l i e d  by means of a r o l l e r  suppor t  f i x t u r e  

( f i g . 2 ) .  This  f i x t u r e  a l l ows  t h e  specimen t o  rest on two p i n s  o r  ro l l e rs ,  which 

are mounted on b a l l  b e a r i n g s ,  wh i le  t h e  l oad  is a p p l i e d  t o  t h e  c e n t e r  of  t h e  

specimen by another  r o l l e r  ( f i g .  3 ) .  I n t e r l a m i n a r  shear f a t i g u e  th resho lds  were 

compared t o  G t h resho lds  f o r  mixed-mode de lamina t ion  genera ted  from c y c l i c  edge 

de laminat ion  tests.  A de lamina t ion  f a t i g u e  f a i l u r e  c r i t e r i o n i s  proposed based on 

t h e  de lamina t ion  f a t i g u e  t h r e s h o l d s  measured from a v a r i e t y  of i n t e r l a m i n a r  

f racture toughness tests. 

C 

MATERIALS 

U n i d i r e c t i o n a l  pane ls  wi th  midplane i n s e r t s  were manufactured and cut  i n t o  

ENF t e s t  specimens f o r  three materials. Test specimens of  S2/SP250 glass-epoxy 

were manufactured, from prepreg supp l i ed  by t he  3M company, by Bell H e l i c o p t e r  

Tex t ron  under NASA c o n t r a c t  NAS1-18199. Test specimens of  T300/BP907 g r a p h i t e -  

epoxy were manufactured a t  NASA Langley from prepreg s u p p l i e d  by American 

Cyanamid. Test specimens of AS4/PEEK were cut from pane ls  manufactured by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 



I m p e r i a l  Chemical I n d u s t r i e s .  A l l  t e s t  coupons were approx imate ly  s i x  i nches  

long by one inch  wide and 24 p l i e s  t h i c k .  The average p l y  t h i c k n e s s e s  for  the 

T300/BP907, AS4/PEEK, and S2/SP250 were 0.0063, 0.0052, and 0.0095 inches,  

r e s p e c t i v e l y .  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 i ists m a t e r i a l  propert ies,  average ENF specimen 

t h i c k n e s s e s ,  2h, and f i b e r  volume f r a c t i o n ,  V measured fo r  t h e  three 

materials. The ax ia l  modulus i n  t h e  f i be r  d i r e c t i o n ,  E , 1 ,  was measured from 

t e n s i o n  tests on t h e  24-ply ENF specimens. The t r a n s v e r s e  modulus, E22, shear 

modulus, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG, 2 ,  and Po isson ' s  r a t i o ,  v1 2 ,  were measured from 90° ,  + 4 5 O ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOo 

t e n s i o n  tests.  The f i b e r  volume f r a c t i o n s  of the  materials were c a l c u l a t e d  from 

f '  

t h e  f iber  areal  weight  of the prepreg d iv ided by t he  product  of  t h e  f iber  

d e n s i t y  and t h e  average p l y  th i ckness  measured for t h e  ENF t es t  specimens.  The 

c r y s t a l l i n e  percentage of t h e  AS4/PEEK composi tes was 24%, as determined by wide 

a n g l e  X-ray s c a t t e r i n g  C211. 

TEST PROCEDURES 

Precrack ing  

Prev ious s t u d i e s  have i n d i c a t e d  t h a t  G va lues  measured i n  t h e  ENF test  

by propagat ing  a crack from t h e  insert ,  i .e .  measured w i thout  a prec rack ,  w i l l  

decrease w i t h  i n s e r t  t h i c k n e s s  C121. Other s t u d i e s  have i n d i c a t e d  t h a t  t h e  

l owest  va lues  of G I I c  were measured when a s h a r p  precrack  was grown from t h e  

i n s e r t  be fo re  t h e  bending load was a p p l i e d  [10,14-203. I n  t h i s  s t u d y ,  three 

prec rack ing  techn iques  were used. The f i rs t  t echn ique  was t o  clamp t h e  specimen 

a c r o s s  the  w i d t h  s l i g h t l y  ahead of the  i n s e r t ,  and then  wedge t h e  crack s u r f a c e s  

open u n t i l  a s h a r p  crack formed and grew t o  t h e  clamp. T h i s  created a t e n s i o n  

(mode I )  prec rack .  The second technique was t o  move t h e  specimen i n  t h e  three 

I I C  
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p o i n t  bend f i x t u r e  s o  t h a t  t h e  i n i t i a l  crack l e n g t h  was n e a r l y  e q u a l  t o  t h e  

ha l f -span l e n g t h ,  i . e . ,  t he  end of the  i n s e r t  was c l o s e  t o  t h e  c e n t e r  r o l l e r .  

The specimen was t hen  loaded i n  three po in t  bending t o  p ropagate  t h e  crack from 

the  end of the  insert  t o  a p o s i t i o n  under t h e  c e n t e r  r o l l e r .  T h i s  produced a 

shear (mode 11) precrack. Then t he  specimen was pos i t i oned  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t h e  t es t  f i x t u r e  

t o  t h e  des i red  i n i t i a l  crack l e n g t h  and t es ted .  The t h i r d  t echn ique  was 

i d e n t i c a l  t o  t h e  second except  t h a t  t h e  precrack was grown a t  a r e l a t i v e l y  high 

cyc l i c  l o a d ,  r e q u i r i n g  r e l a t i v e l y  few l o a d  c y c l e s ,  and then  was r e p o s i t i o n e d  and 

tested under a s t a t i c  load. The advantage of t he  l as t  t echn ique  was t h a t  

t he  s t r a i g h t n e s s  of the  de laminat ion  f r o n t  cou ld  be conf i rmed a f te r  t h e  test  by 

examining t h e  f r a c t u r e  s u r f a c e s .  

A s  w i l l  be shown l a t e r ,  t h e  s t a t i c  shear precrack  was used t o  g e n e r a t e  t h e  

m a j o r i t y  of  t he  t es t  data.  By us ing  t h i s  approach,  t h e  GI Ic  and c y c l i c  Gth 

va lues  ob ta ined  were r e p r e s e n t a t i v e  of t he  i n t e r l a m i n a r  shear f r a c t u r e  

toughness,  and f a t i g u e  t h r e s h o l d  f o r  de laminat ion  growth,  due t o  i n t e r l a m i n a r  

shear stresses at  t h e  t i p  of a de laminat ion  t h a t  was created by l a r g e  

i n te r l am ina r  shear  stresses. These l a rge  shear stresses cou ld  have developed 

d u r i n g  a h i g h  load t h a t  t h e  s t r u c t u r e  exper ienced d u r i n g  i ts l i fet ime. Prev ious  

work on composi te f a t i g u e  s u g g e s t s  t h a t  i t  is t he  h igh  l o a d s  i n  t h e  spect rum 

t h a t  are t h e  most damaging i n  terms of c r e a t i n g  de lamina t ions ,  and subsequent  

reduc t i ons  i n  r e s i d u a l  s t r e n g t h  and l i f e .  There fo re ,  t h e  common p r a c t i c e  used 

f o r  metals of coaxing a precrack by app ly ing  blocks of low c y c l i c  l o a d s  over  

many c y c l e s  was not adopted.  The t e n s i o n  precrack was no t  used ,  even though i t  

may y i e l d  s l i g h t l y  more c o n s e r v a t i v e  v a l u e s  of G 

i f  a pure  shear stress s t a t e  e x i s t e d  a t  t he  de lamina t ion  f r o n t ,  t h e n  t h e  stress 

s t a t e  i n  t h e  mate r ia l  t h a t  created t he  de laminat ion  must have a lso  been pure  

shear. 

because i t  was assumed t h a t  
I I C ’  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I 

Crack Lennth Determinat ion 

To l o c a t e  t h e  crack, t h e s i d e s o f  the  g r a p h i t e  composi tes were p a i n t e d  wh i te  

w i t h  wate r -so lub le  t y p e w r i t e r  c o r r e c t i o n  f l u i d .  The glass composi tes were 

t r a n s l u c e n t ,  and t h e r e f o r e  d i d  no t  r e q u i r e  an enhancement of t h e  edge t o  l o c a t e  

t h e  crack t i p .  F igu re  3 shows t he  graph i te  and g l a s s  composi tes as t hey  appeared 

when loaded i n  t h e  th ree  p o i n t  bend a p p a r a t u s .  The i n i t i a l  crack l e n g t h  was 

measured from t h e  c e n t e r l i n e  of the  r igh t -hand r o l l e r  t o  t he  end of t h e  crack 

b e f o r e  t e s t i n g .  The average of t h e  crack  l e n g t h  measurements from both  specimen 

edges was used i n  t h e  data  r e d u c t i o n  t o  minimize e r r o r  a s s o c i a t e d  w i t h  an  uneven 

precrack .  T h i s  crack l e n g t h  measurement cou ld  sometimes be ver i f ied af te r  the  

t es t  by s p l i t t i n g  t h e  l am ina te  i n t o  two p i e c e s  and obse rv ing  t h e  d i f f e r e n c e  

between t h e  precrack  f racture su r face  and t h e  f racture surface caused by t h e  

three po in t  bending. For example,  f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 shows t he  change i n  f r a c t u r e  s u r f a c e  

appearance f o r  two ASII/PEEK composi tes t h a t  ei ther  had a s t a t i c  mode I1 precrack 

and was t hen  cyc led  i n  mode 11, o r  had a cyc l i c  mode I1 precrack  and was t hen  

loaded s t a t i c a l l y  i n  mode 11. The s t a t i c  and cycl ic shear f racture surfaces have 

marked ly  d i f f e r e n t  appearances ,  which a l l ows  an  a c c u r a t e  de te rm ina t ion  of 

i n i t i a l  crack l e n g t h  from t h e  end of  t h e  precrack  t o  t h e  impr in t  of t h e  suppor t  

p in  on t h e  o u t e r  s u r f a c e .  

S t a t i c  Tests 

Precracked ENF specimens were p o s i t i o n e d  i n  t h e  t h ree -po in t  bending 

f i x t u r e  t o  t he  d e s i r e d  i n i t i a l  crack l e n g t h .  The f i x t u r e  had 0.25-in. diameter 

s tee l  r o d s ,  suppor ted  by annu la r  b a l l  bear ings  encased i n  aluminum channe ls  a t  

9 



each end ,  t h a t  app l i ed  the  l o a d s  a c r o s s  t he  specimen width.  I n  a d d i t i o n ,  t h e  

f i x t u r e  had a degree o f  freedom o u t  of t he  p lane  of the test  specimen due t o  

a d d i t i o n a l  pinned j o i n t s  between t h e  c r o s s  heads and t he  r o l l e r s .  Th is  e x t r a  

degree of  freedom assured uniform load ing  a c r o s s  the  width of the l a m i n a t e  f o r  

a l l  three r o l l e r s .  This  combinat ion of l o a d i n g  p i n s  and annu la r  b a l l  bear ings  

created a f r i c t i o n l e s s  r o l l e r  system ensur ing  s imp le  s u p p o r t  c o n d i t i o n s  f o r  bo th  

s t a t i c  and c y c l i c  load ing .  However, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbecause the ENF specimen was precracked 

on one s i d e  only,  t h e  deformat ion  was asymmetric under t he  a p p l i e d  l oad ing .  

Hence, small s i d e  f o r c e s  c o u l d  deve lop  caus ing  t he  specimen t o  s h i f t  o n  the 

r o l l e r s  d u r i n g  t h e  test .  TO prevent this from occurring, a small restraining bar 

was attached t o  t h e  f i x t u r e  a t  t h e  uncracked end of t h e  specimen ( f i g .2 -3 ) .  This  

r e s t r a i n i n g  bar was f r e e  t o  move w i t h  t he  specimen as i t  def lected.  

A l l  tests were conducted w i t h  a span l e n g t h  of  three i nches ,  i .e .  L=1.5 

i nches  i n  f ig .1 .  Loads were a p p l i e d  us ing  a se rvo -hyd rau l i c  t es t  s t a n d  i n  s t roke  

c o n t r o l  a t  a r a t e  of 0.1 in . /min.  u n t i l  t h e  de laminat ion  grew. The de laminat ion  

grew t o  a po in t  immediately under t h e  c e n t e r  l o a d  p o i n t  f o r  most crack l e n g t h s  

tested.  Some specimens were r e p o s i t i o n e d  t o  a new crack l e n g t h  t o  y i e l d  

a d d i t i o n a l  toughness va lues  from t h e  same specimen. Center  p o i n t  d i sp lacemen ts  

were measured with a d i rec t  c u r r e n t  d i f f e r e n t i a l  t r a n s d u c e r  (DCDT) whose r o d  was 

suppor ted  by a s p r i n g  as shown i n  f i g u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2-3.  The load-d isp lacement  behav io r  of 

the  specimen and a p p l i e d  l oad  v e r s u s  machine st roke were p l o t t e d  on  an  x-y-y' 

r e c o r d e r .  Typical  load-d isp lacement  resu l ts  f o r  t h e  three materials tes ted  are  

shown i n  f i g u r e  5. The load-d isp lacement  p l o t s  were l i n e a r  f o r  the  glass-epoxy 

l a m i n a t e s ,  s l i g h t l y  non- l i nea r  f o r  t he  graphi te-epoxy l a m i n a t e s ,  and 

s i g n i f i c a n t l y  non- l inear  for  t h e  graph i te - the rmop las t i c  l am ina tes .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fatigue Tests 

Precracked ENF specimens were positioned i n  the three point bend apparatus 

t o  t he  desired i n i t i a l  crack length. Specimens were loaded s t a t i c a l l y  i n  s t roke  

control t o  the mean load, and t h e n  cycled sinusoidal ly a t  a frequency of 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz. 

a t  a maximum constant load amplitude corresponding t o  an R r a t i o  of 0.1. 

Specimens were cycled u n t i l  the onset of s tab le  delamination growth was detected 

by a combination of visual observation and a drop off i n  the c y c l i c  load a t  a 

constant cyc l ic  stroke. The number of  cycles t o  delamination onset was recorded, 

and t h e  specimen was reloaded t o  t h e  mean load t o  record the compliance a t  the  

new crack length. 

Residual S t a t i c  Tests 

Several S2/SP250 glass-epoxy laminates were tes ted  s t a t i c a l l y  a f t e r  

undergoing IO6 or more cycles a t  low cyc l ic  loads below the threshold fo r  

delamination growth. The  procedure used f o r  these t e s t s  was ident ica l  t o  the 

procedure used for  the i n i t i a l  s t a t i c  t e s t s .  The load-displacement p lo ts  were 

nonlinear f o r  these res idual  s t a t i c  t e s t s ,  s imi lar  t o  t h e  i n i t i a l  s t a t i c  t e s t s  

on AS4/PEEK. 

Compliance Calibrat ion 

Two precracked ENF specimens of each material were placed i n  the three- 

point-bend apparatus repeatedly, t o  simulate crack lengths ranging from a-0 t o  

a=L, by s h i f t i n g  the posit ion of the specimen i n  the three point bending zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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a p p a r a t u s  and thereby  chang ing  t he  d i s t a n c e  between t he  r i g h t  end ro l ler  and t he  

de lamina t ion  f r o n t .  A t  each unique de lamina t ion  l e n g t h  p o s i t i o n ,  the  specimen 

was loaded h igh  enough t o  o b t a i n  a l oad -de f lec t i on  p l o t  b u t  w i thou t  ex tend ing  

the de laminat ion .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe slopes of the load-deflection plots were measured to obtain 

a record of specimen compliance as a f u n c t i o n  of crack l e n g t h .  

ANALYSIS 

S e v e r a l  techn iques  have been proposed fo r  c a l c u l a t i n g  G i n  t h e  ENF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 

specimen. I n  t h i s  s e c t i o n ,  these t e c h n i q u e s  w i l l  be o u t l i n e d  and compared. I n  

subsequent  s e c t i o n s ,  t h e  ENF t e s t  data w i l l  be reduced u s i n g  s e v e r a l  of these 

methods and compared. F i n a l l y ,  based o n  t he  o b s e r v a t i o n s  from t h i s  s t u d y ,  

p a r t i c u l a r  data r e d u c t i o n  techn iques  w i l l  be recommended. 

Beam Theory 

F igu re  1 shows t h e  ENF specimen c o n f i g u r a t i o n  where L is t h e  ha l f -span 

l e n g t h ,  2h is t he  l a m i n a t e  t h i c k n e s s ,  b is t h e  l a m i n a t e  wid th ,  P is the  a p p l i e d  

load, and a is t h e  i n i t i a l  de lamina t ion  l e n g t h  as de f ined  by t h e  d i s t a n c e  

between t h e  load suppor t  and t h e  de lamina t ion  f r o n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA closed-form e q u a t i o n  for  

t he  s t r a i n  energy release r a t e  a s s o c i a t e d  w i t h  de lamina t ion  growth due  t o  

i n t e r l a m i n a r  shear  was d e r i v e d  i n  r e f e r e n c e  [9]  fo r  t h i s  test  u s i n g  l i n e a r  beam 

t heo ry .  T h i s  a n a l y s i s  y i e l d e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
12 



where C is t h e  f l exu ra l  compl iance d e f i n e d  as t h e  r a t i o  of t h e  center p o i n t  

d e f l e c t i o n ,  6 ,  t o  t h e  a p p l i e d  l o a d ,  P ,  and  d e r i v e d  from t h e  l i near  beam t h e o r y  

as 

2 ~ 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 3a3 = -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
3 P  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc =  

8E1 bh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  

S u b s t i t u t i n g  e q . ( 2 )  i n t o  e q . ( l )  y i e l d s  t h e  f o l l o w i n g  e q u a t i o n  f o r  CI I  i n  terms 

of t h e  axia l  modulus, E l l  

2 2  
BT 9 P  a - - 

‘I1 1 6 E l l b  2 3  h ( 3 )  

T r a n s v e r s e  S h e a r  and Fr ic t ion  C o n t r i b u t i o n  - 

The beam t h e o r y  e q u a t i o n s  may b e  modi f ied t o  i n c l u d e  t h e  i n f luence of transverse 

s h e a r  d e f o r m a t i o n  C141 where 

2 
2(1.2L + 0 . 9 a ) h  E l l  

1 3 ( 1  + 

2 ~ 3  + 3a3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8E, bh 3 ( 2 ~ ~  + 3a c , ~  ‘SH = 

(4) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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For t r a n s v e r s e l y  isotropic mater ia ls ,  t he  t r a n s v e r s e  shear modulus, C13,  is 

assumed t o  be equal t o  t h e  i n p l a n e  shear modulus, C12.  For shear compl iant  

materials where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE, l /G 

shear deformat ion terms may be s i g n i f i c a n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso, eq.(5) i n d i c a t e s  t h a t  f o r  

any material and span l e n g t h ,  t h e  c o n t r i b u t i o n  of t r a n s v e r s e  shear w i l l  be t h e  

greatest f o r  t h e  shorter crack l e n g t h s .  

is h igh ,  o r  f o r  t h i c k  beams, t h e  c o n t r i b u t i o n  of t he  
13 

The c o n t r i b u t i o n  o f  f r i c t i o n  t o  crack growth r e t a r d a t i o n  has been estimated 

prev ious l y  C141. F r i c t i o n  decreases t h e  energy avai lable for  crack propagat ion  

such t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

SH 3pLp a 
2 7  

I1 4E1 l b  h-  
c (Ll) = GI* - 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp is the coefficient of sliding friction for the fracture surface. For 

reasonab le  va lues of p ,  t h e  r e d u c t i o n  i n  C af te r  i n c l u d i n g  t h e  f r i c t i o n  

c o n t r i b u t i o n  was found t o  be on ly  2 t o  5% f o r  g r a p h i t e  composi tes w i t h  t y p i c a l  

I I C  

t e s t  coupon geometr ies C141.  No at tempt  was made i n  t h i s  s tudy  t o  q u a n t i f y  p o r  

I1 ' i ts i n f l u e n c e  o n  C 

Compliance C a l i b r a t i o n  Method 

An a l t e r n a t e  method f o r  de termin ing  C is t h e  u s e  o f  a compl iance 
I I C  

c a l i b r a t i o n  curve.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn exper imenta l  c u r v e  of normal ized compl iance,  C/C (where C 

is t h e  compliance a s  measured by beam t heo ry  (eq .2 )  and Co is t h e  compl iance for  

t h e  beam w i t h  no c r a c k )  v e r s u s  normal ized crack l e n g t h  cubed, (a/L) , can  be 

0 

3 
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constructed us ing  t h e  t echn ique  desc r ibed  earlier. A l i n e a r  r e g r e s s i o n  f i t  of 

t h e  data y i e l d s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C/Co = A. + A 3 ( a / L )  3 ( 7 )  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

The l i n e a r  beam theory  would y i e l d  A O = l  and A -1.5. C 

o b t a i n e d  by d i f f e r e n t i a t i o n  of C i n  eq . (7 )  w i t h  r e s p e c t  t o  a ,  and m u l t i p l i c a t i o n  

by P / 2b ,  y i e l d i n g  

is the  s l o p e  of t h e  l i n e  f i t  t o  the data and A is t h e  y - i n t e r c e p t .  

by t h i s  approach is 
3 0 

3- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 c 

2 
C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n” zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
LL - 

% I C  - 

2 2  
3A3Pca Co 

(8) 

A similar compliance c a l i b r a t i o n  techn ique  may be employed by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArearranging 

eq . (4 )  for  beam compliance w i t h  t r a n s v e r s e  shear such  t h a t  

- - 2L3 ( 1 + 1 . 2 ~  + O.gu(a/L) + 1 . 5 ( a / ~ ) ~ )  
CSH 8 E l l b h  3 

2 where Y = (h /L)  ( E  /C  1, and the compliance of an uncracked beam is 
1 1  13 

0 - - 2L3 ( 1 + 1.2Y ) 
CSH 8 E l l b h  3 

Div id ing  eq.9 by eq.10 y i e l d s  

0 = A. + A1 (a/L) + A3(a/L) 3 
‘SH/‘SH 
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(10) 

( 1 1 )  



The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeam theory with t ransverse shear would y ie ld A o = l ,  A1=0.9Y/(1+1.2Y), and 

A -1.5/(1+1.2y). These coef f ic ients  may a l s o  be determined independently from a 

l e a s t  squares f i t  of t h e  compliance versus crack length data.  Di f ferent ia t ing 

eq( l1 )  w i t h  respect t o  a ,  and multiplying by Pc/2b y i e l d s  

3- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

2 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD P  

CCSH - - -  'cbSH ( A1 + 3A3(a/LI2 ) GIIc  2bL 

Influence of nonlinear behavior 

(12) 

In references C16,18-201, deviat ions from the l i nea r  load-displacement 

curve f o r  toughened matrix composites (such as t h e  AS4/PEEK graphite- 

thermoplastic) i n  the ENF f r ac tu re  t e s t  were a t t r i bu ted  t o  the onset of 

subc r i t i ca l  crack growth and i n e l a s t i c  shear response of the material i n  t h e  

crack t i p  region. Scanning e lect ron microscope photographs ind icate t h a t  

interlaminar shear f rac tu re  consis ts  of the formation of matrix cracks a t  45" t o  

t h e  or ig ina l  crack followed by a coalescence of these matrix cracks f o r  

extension of the delamination. I n  b r i t t l e  matrix composites, such as the 

T300/5208 shown i n  f i g .6 ,  there is very l i t t l e  matrix yielding and the formation 

and coalescence of these cracks occurs simultaneously. Hence, the load- 

displacement record is l i nea r .  However, i n  tough matrix composites, such as the 

AS4/PEEK shown in f ig .7 ,  s i g n i f i c a n t  matr ix  y i e l d i n g  occu rs  dur ing the  format ion 

and coalescence of these matrix cracks. Furthermore, these two events do not 

necessari ly occur simultaneously, and t h e  load-displacement record is non- 

1 inear.  

One conservative approach is t o  est imate t h e  mode I1 interlaminar f r a c t u r e  

toughness using t h e  load, PNL,  a t  which non-linear response is f i rst  observed. 

I n  t h i s  way, may be thought of a s  a s t r a i n  energy re lease r a t e  parameter GIIc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
16 



f o r  s u b c r i t i c a l  crack growth. In  ref .Ci6,18-201, G::c was evaluated by 

subs t i t u t i ng  the i n i t i a l  l i nea r  compliance, C ,  and the load a t  onset of 

nonlinear behavior, PNL,  i n  the s t r a i n  energy re lease r a t e  ca lcu lat ion of e q . ( l )  

y ie ld ing 

Simi lar ly,  t h i s  subc r i t i ca l  f racture toughness may be estimated by using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPNL i n  

eq(5)  t o  include t h e  contr ibut ion of t ransverse shear,  or  i n  eqs(8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 1 2 )  t o  

incorporate the compliance ca l ibrat ion information. 

F i n i t e  Element Analysis 

F in i t e  element analyses of t he  ENF specimen have been performed t o  evaluate 

the  s t r a i n  energy re lease  r a t e  for  delamination growth [13,15,18,201. I n  

ref.[13], a two-dimensional plane s t r a i n  model us ing  1000 four-noded 

isoparametric elements w i t h  2400 degrees of freedom was used t o  model t he  ENF 

specimen. The v i r tua l  crack closure technique was used t o  ca lcu late C [22]. 

The element s i z e  i n  the v i c in i t y  of the crack was 0.02 by 0.02 mm ( 0.00079 by 

I1 

0.00079 i n ) .  A nodal coupling technique implementing multi-point const ra in ts  was 

used t o  prevent overlapping of crack surfaces. I n  addit ion t o  the f r i c t i o n l e s s  

case, assumed coef f ic ients  of f r i c t i o n  were used t o  est imate f r i c t i o n  forces a t  

nodes located on the crack surfaces. The  r a t i o  of GFE/CBT was p lot ted a s  a 

function of normalized crack l e n g t h ,  a/L, f o r  two graphite-epoxy ENF specimens 

I1 I1 

w i t h  two d i f f e ren t  span lengths subjected t o  t h e  same applied load. The r e s u l t s  

indicated tha t  the deviat ion i n  CII between the  f i n i t e  element analys is  and beam 

17 



theory  was s i g n i f i c a n t  a t  t h e  s h o r t e r  crack l e n g t h s  ( a / L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3). However, if 

FE 
SH is p l o t t e d ,  t h e  agreement is  f a i r l y  good ove r  t he  e n t i r e  range of crack GI I lGI I 

l e n g t h s  ( f i g . 8 ) .  

I n  ref .C15,18,20],  a two-dimensional p lane  stress a n a l y s i s  u s i n g  four-noded 

i s o p a r a m e t r i c  elements wi th  Gauss numer ica l  i n t e g r a t i o n  of o r d e r  two was used 

wi th  t h e  v i r t u a l  crack e x t e n s i o n  techn ique t o  c a l c u l a t e  G f o r  t h e  ENF 

specimen. Elements a t  t h e  crack t i p  had dimensions of  0.0127 by 0.0127 mm 

I1 

(0.0005 by 0.0005 i n ) .  The f r i c t i o n l e s s  c o n t a c t  problem was i nco rpo ra ted  i n  t h e  

a n a l y s i s  by connect ing d u p l i c a t e  nodes across t h e  crack i n t e r f a c e  w i t h  non- 

l i n e a r  t r u s s  elements w i t h  z e r o  t e n s i l e  s t i f f n e s s  and i n f i n i t e  compress ion 

s t i f f n e s s .  The f i n i t e  element r e s u l t s  i n d i c a t e d  t h a t  a l though  t h e  beam theory 

e x p r e s s i o n s  for  compl iance were a c c u r a t e ,  the  beam t h e o r y  e x p r e s s i o n s  for  G i n  

e q s . ( 1 , 3 , 5 )  may be conserva t i ve  by 10 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA48%, with the  greatest d e v i a t i o n  from 

beam t h e o r y o c c u r r i n g a t  a/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 0.4. Fur the r  f i n i t e  e lement  r e s u l t s  were genera ted  

I1 

for a wide range of crack l e n g t h s  i n  ref.C20]. As i n d i c a t e d  i n  f i g . 8 ,  these 

resul ts a l s o  showed t h a t  the  f i n i t e  element va lues  of  G d iverged from t he  beam 

t h e o r y  results f o r  de laminat ion  l e n g t h s  greater t han  0.4L .  

I1 

Recen t l y ,  a two-dimensional p lane  s t r a i n  f i n i t e  e lement  a n a l y s i s  was 

performed t o  v e r i f y  if e i the r  one of t he  prev ious  a n a l y s e s ,  t h a t  y i e l d e d  

c o n t r a d i c t o r y  r e s u l t s ,  was v a l i d  C231. The ENF specimen was modeled us ing  e i g h t -  

noded, i soparamet r i c  e lements.  The l am ina te  modeled c o n s i s t e d  of 24 p l i e s ,  each 

having a p l y  th i ckness  of 0.0056 inches .  The span l e n g t h  was three i n c h e s ,  i .e. ,  

L=l  .5 i n .  Material p r o p e r t i e s  t y p i c a l  of a g r a p h i t e  t h e r m o p l a s t i c  composi te were 

used 

E l l  = 16.7 Msi 

E22 = 1 . 4 0  Msi 
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'12 '13 = 0.65 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMsi 

F igu re  9 shows a p l o t  of a t y p i c a l  mesh. Three mesh r e f i n e m e n t s  were performed 

by s u b d i v i d i n g  t h e  s q u a r e  e lements  a t  t h e  de lamina t ion  f r o n t  i n t o  f o u r  smaller 

s q u a r e  e lements  of equa l  s ize .  The element s i z e  a t  t h e  de lamina t ion  f r o n t  was 

0.1905, 0.0953, and 0.0476 mm (0.0075, 0.00375, and 0.001875 i n c h e s )  for  t h e  

coarse, medium, and f i n e  meshes, r e s p e c t i v e l y .  The element  s ize  was g r a d u a l l y  

i n c r e a s e d  away from t he  de laminat ion  f r o n t  i n  bo th  d i r e c t i o n s .  The coarse, 

medium, and f i n e  meshes had 312, 410, and 516 e lements  r e s p e c t i v e l y .  

I n i t i a l l y ,  the de laminated  s u r f a c e s  were allowed t o  deform f r e e l y .  Resu l ts  

i n d i c a t e d  t h a t  t h e  de laminated  s u r f a c e s  would cross i n t o  one  a n o t h e r ,  which is 

p h y s i c a l l y  imposs ib le .  T h e r e f o r e ,  the nodes a long  t h e  de lamina t ion  f r o n t  were 

c o n s t r a i n e d  t o  move t h e  same d i s t a n c e  i n  t h e  v e r t i c a l  d i r e c t i o n  u s i n g  mu l t i -  

p o i n t  c o n s t r a i n t s .  Var ious  a/L r a t i o s  between 0.2 and 0.9 were modeled i n  t h e  

a n a l y s i s .  T h i s  was ach ieved by s h i f t i n g  t h e  s u p p o r t s  and t h e  c e n t r a l  load p o i n t  

by t h e  same amount a long  t h e  mesh, which is ana lagous  t o  s h i f t i n g  t h e  beam i n  

t h e  t h ree -po in t  test f i x t u r e  t o  test  d i f f e r e n t  crack l e n g t h s ,  a s  was done i n  t h e  

compl iance c a l i b r a t i o n  t e s t i n g .  The crack t i p  a lways remained between t he  

c e n t r a l  load and t h e  s a n e  end suppor t .  Compliance v a l u e s  cor respond ing  t o  t h e  

measured cen te r -po in t  d isp lacement  f o r  a u n i t  c e n t r a l  load were c a l c u l a t e d  f o r  

the  three meshes. Compliance va lues  converged a s  

from t h e  coarse t o  t he  f i n e  mesh. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACII v a l u e s  

v i r t u a l  crack e x t e n s i o n  method. These G v a l u e s  

s i z e  decreased from t h e  coarse t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe f i n e  mesh. 

c a l c u l a t e d  us ing  t he  g l o b a l  change i n  compliance 

c a l c u l a t e d  us ing  t h e  loca l  v i r t u a l  crack c l o s u r e  

I1 

t h e  e lement  s ize  decreased 

were c a l c u l a t e d  u s i n g  the 

a lso  converged as t h e  element  

Fur thermore  , CII v a l u e s  

agreed wi th  t h e  CII v a l u e s  

techn ique .  
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2 

agreement was observed between the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGFE values and the 

using eq. (5) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA maximum deviat ion of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.7% was observed f o r  a/L = 0.4 ( f i g .8 ) .  A 

Figure 10 shows GII/P as a function of a/L for  the ENF specimen. Good 

values calculated 
I1 

plane s t r e s s  analysis was a lso  performed a t  t h i s  crack length using the coarse 

mesh. The difference i n  the plane s t r a i n  and plane s t r e s s  values fo r  G was 

only 0.79%. Hence, eq.(5) y ie lds G I I  values tha t  a r e  reasonably accurate,  

although s l i g h t l y  conservative compared t o  the f i n i t e  element r e s u l t s .  The small 

I1 
SH 

reduction (between 2% and 5%) i n  GII a t t r i bu ted  t o  f r i c t i o n  on t he  delaminated 

surfaces C141 may el iminate some of t h i s  dif ference. For example, by assuming 

tha t  

then zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAGS: calculated by eq.(5)  may represent an accurate value of the mode I1  

s t r a i n  energy release r a t e .  Hence, GSH values represent reasonably accurate 

calculat ions of the s t r a i n  energy re lease r a t e  over a large range of a/L values 

I1 

i n  the ENF t e s t .  

RESULTS 

Cornpl iance Cali brat ion 

Compliance ca l ibrat ion curves were generated for  a l l  three mater ia ls 

tested.  Specimen compliance was defined as the r a t i o  of t h e  center point 

def lect ion t o  t h e  out-of-plane load. Center point def lect ion was measured by the 

DCDT mounted under the specimen ( f ig .2-3) .  Compliance was measured from the 
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slope of the load-deflect ion plot  f o r  each crack length tested.  

calculated using the DCDT-measured def lect  ion was less than the compliance 

calculated using the stroke of the hydraulic ram. Hence, because the compliance 

used t o  ca lcu late GII was always calculated using the center point def lect ion 

measured d i r e c t l y  from the DCDT, no correct ion f o r  machine compliance was 

necessary. Compliance was measured fo r  delamination lengths from a50 t o  az1.5 

inches i n  increments of 0.1 inches. 

The compliance 

The average of the two crack lengths measured from both edges was used t o  

reduce the compliance ca l ibrat ion data. Furthermore, because calculat ion of t he  

slope is very sens i t i ve  t o  e r r o r s  i n  crack length measurement, t h e  specimens 

used f o r  compliance ca l ibrat ion t e s t s  were s p l i t  apart  and the edge measurements 

were examined fo r  crack f ron t  deviation through the wid th .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA d i s t i n c t  crack 

f ron t  was v i s ib le  on the f rac tu re  surfaces a t  the t r a n s i t i o n  from t h e  shear 

precrack t o  the t e n s i l e  f rac tu re  surface created by s p l i t t i n g  the tested beam 

i n t o  two pieces. Both of the glass epoxy laminates had r e l a t i v e l y  s t r a i g h t  

delamination f ron ts .  The T300/BP907 laminates had a deviat ion i n  delamination 

lengths between the two edges of 0 .20  and 0.16 inches. One of t h e  AS4/PEEK 

laminates had a deviat ion i n  delamination lengths between t h e  two edges of 0.15 

inches and t h e  other laminate had a s t r a i g h t  delamination f ront .  

Two specimens of each material were used t o  generate compliance ca l i b ra t i on  

data.  Data were f i t  t o  eq . (7 )  u s i n g  a l i n e a r  least-squares regression analys is .  

Figure 1 1  shows the data and t he  l inear  f i t  t o  eq.(7) f o r  one specimen of each 

A 3 ,  the y- of the  three materials. Table 2 l i s ts  the values of t he  slope, 

i n te rcep t ,  A and the goodness of f i t ,  r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, calculated f o r  each t e s t  of the 

three mater ia ls.  I f  the beam theory is accurate,  t h e  slope should be 1.5, and 

the y-intercept should be 1 .  O f  the three mater ia ls t e s t e d ,  only the  AS4/PEEK 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0’ 
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material had a slope close t o  1.5. The T300/BP907 and t he  S2/SP250 had slopes 

t ha t  were s ign i f icant ly  l e s s  than 1.5. 

These same data were f i t  t o  eq ( l1 )  t o  determine the coe f f i c i en ts  A o ,  A 1 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA i n  the cubic polynomial representat ion fo r  the compliance of the ENF 

specimen w i t h  transverse shear incorporated. Table 3 l ists t h e  values of these 

parameters a s  determined by the l e a s t  squares regression analysis.  Also l i s t e d  

i n  t ab le  3 a r e  values for  Ao, A 1 ,  and A 

transverse shear using propert ies from tab le 1 .  As noted e a r l i e r  i n  the l i n e a r  

regression analysis,  the A coef f ic ient  of the (a/L) term is l e s s  than 

ant ic ipated based on beam theory w i t h  t ransverse shear fo r  the two epoxy 

mater ia ls.  The addit ional A 1  coef f ic ient  of the l i nea r  (a/L) term, tha t  was not 

present i n  the l inear regression analys is ,  a l s o  appears i n  eq(12) fo r  G I I .  Table 

3 shows tha t  these values were a l so  d i f f e ren t  from those calculated using beam 

theory. 

calculated from beam theory w i t h  
3’ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 
3 

I n  order t o  determine the contr ibution of the r o l l e r  t e s t  f i x t u r e  

compliance t o  C ,  ca l i b ra t i on  tests were performed on the same specimens using a 

r i g i d  knife edge support f i x t u r e  described i n  ref.[12]. Table 2 l ists the values 
n 

of A o ,  A 

the s lope,  A was closer t o  the beam theory value of 1.5 fo r  t e s t s  conducted on 

the more r i g i d  knife edge f i x t u r e s .  The di f ference i n  slope calculated f o r  the 

two f i x t u r e s  was small f o r  the graphite-epoxy (T300/BP907), however, the 

di f ference was signi f icant for  the glass/epoxy (S2/SP250). For the 

graphite/thermoplastic (AS4/PEEK), which showed the best agreement w i t h  the beam 

theory u s i n g  t h e  r o l l e r  f i x t u r e ,  the slope calculated using t h e  kni fe edge 

supports exceeded the beam theory value. 

and r L  determined from these t e s t s .  For the epoxy matrix mater ia ls ,  
3’ 

3’ 

A s  a further check of the beam theory, the ax ia l  moduli of the compliance 

ca l i b ra t i on  specimens were measured i n  a uniaxial  tension t e s t  using a one inch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
22 



AX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 1  

l o n g  ex tensometer  as descr ibed i n  r e f e r e n c e  [12].  These zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE measurements were 

compared t o  E;: va lues  c a l c u l a t e d  from compl iance measurements u s i n g  eq .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  

where 

EFX = 1 + 1.5(a/L) 3 

1 1  4b (h /L )  3C 
(15) 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE;; v a l u e s  were c a l c u l a t e d  from compl iance measurements for  each crack 

l e n g t h ,  measured i n  0.1-inch inc rements ,  from 0 t o  1.5 i nches .  As shown i n  f i g .  

12, E;: v a l u e s  i n c r e a s e d  s l i g h t l y  a t  t h e  l o n g e r  crack l e n g t h s .  An ave rage  v a l u e  

of EFX over  t h e  range  of crack l e n g t h s  was c a l c u l a t e d  f o r  each specimen. Tab le  4 

compares t he  v a r i o u s  measurements of El . The E;: v a l u e s  were c o n s i d e r a b l y  less 

t han  t h e  Et: v a l u e s ,  w i t h  t h e  more compl iant  ro l ler  f i x t u r e  y i e l d i n g  t h e  lowest 

v a l u e s .  Tab le  5 l ists the  d i f f e r e n c e  i n  t h e  E;; and Et: v a l u e s  f o r  t h e  three 

materials. The g r a p h i t e  composi tes had o v e r  twenty pe rcen t  d i f f e r e n c e  i n  

measured and c a l c u l a t e d  a x i a l  s t i f f n e s s .  If the  t r a n s v e r s e  shear c o r r e c t i o n  is 

inc luded  i n  t h e  f l e x u r a l  compliance (eq .  41,  t h e n  the  estimate of E:: becomes 

1 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 
(16 )  

1 + 1.5 (a /L)  - FX 

- 4b(h/L)3C - ( h / L ) 2 [ 1 . 2  + O.g(a /L) I  / G 1 3  

The second term i n  t h e  denominator re f lec ts  t h e  c o n t r i b u t i o n  of t r a n s v e r s e  

shear. Hence, i nc lud ing  t r a n s v e r s e  shear i n c r e a s e s  E l l ,  b u t  on l y  by 4-5%. 

There fo re ,  t h e  ENF specimens are not behaving as t h e  beam t heo ry  would p r e d i c t ,  

even af ter  t h e  i n f l u e n c e  of t r a n s v e r s e  shear and tes t  f i x t u r e  compl iance are 

i nc luded.  

FX 

Examination of t h e  specimen edges i n  an o p t i c a l  microscope i n d i c a t e d  t h a t  

t h e  outermost  three layers were t h i c k e r  t h a n  the  i n t e r i o r  p l i e s .  T h i s  may r e s u l t  
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from r e s i n  b leeding from the  i n t e r i o r  t o  the  t o p  and bottom s u r f a c e s  du r ing  

c u r e .  T h i s  r e s u l t i n g  inhomogeneity y i e l d s  s u r f a c e  p l i e s  t h a t  are t h i c k e r ,  more 

r e s i n  r i ch ,  and hence, less st i f f  than  the  i n t e r i o r  p l i e s .  When the  l a m i n a t e  is 

loaded i n  bending, t h e  specimen a p p e a r s  t o  be much less st i f f  t h a n  when i t  is 

loaded i n  t e n s i o n ,  s i n c e  t h e  outermost  p l i e s  c a r r y  t h e  m a j o r i t y  of the  l o a d  i n  

bending. Fur thermore,  t h i s  effect w i l l  be s l i g h t l y  d i f f e r e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t h e  cracked and 

uncracked p o r t i o n  o f  t he  ENF specimens,  r e s u l t i n g  i n  a change i n  compl iance wi th  

crack l e n g t h  t ha t  d i f f e r s  from t h e  beam t heo ry  p r e d i c t i o n s .  When t h i s  o c c u r s ,  as 

evidenced by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA c o e f f i c i e n t s  t h a t  are less than  p r e d i c t e d  by t h e  beam t heo ry  

( tab les  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 & 3 ) ,  t he  compl iance c a l i b r a t i o n  method shou ld  be used t o  reduce t h e  

3 

data. 

S t a t i c  Tests 

Tables 6-8 l ist t h e  l o a d  a t  de laminat ion  o n s e t ,  Pc, de lamina t ion  l e n g t h ,  a ,  

compl iance,  C ,  and c r i t i c a l  va lues  of G I I  us ing  t h e  va r ious  data r e d u c t i o n  

schemes f o r  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT300/8P907, AS4/PEEK,  and S2/SP250 l a m i n a t e s ,  r e s p e c t i v e l y .  

These data are summarized i n  f i g . 1 3 .  Cr i t i ca l  va lues  of  GII  were c a l c u l a t e d  

us ing  t h e  measured compl iance,  crack l e n g t h ,  and load a t  o n s e t  of de lamina t ion ,  

Pc,  i n  the beam t h e o r y  eq . (  1 ) .  The c o n t r i b u t i o n  of t r a n s v e r s e  shear was 

c a l c u l a t e d  us ing  E l , ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG1 2, and h from tab le  1 i n  e q . ( 5 ) .  For a l l  three 

materials, 

small  c o n t r i b u t i o n  of t r a n s v e r s e  shear. I n i t i a l  compl iance v a l u e s  f o r  t he  

uncracked beam, Co, were c a l c u l a t e d  from e q ( 7 )  f o r  each specimen tested us ing  

SH va lues  were s l i g h t l y  greater t h a n  G::c v a l u e s ,  r e f l e c t i n g  t he  
% I C  

t h e  measured compliance and crack l e n g t h  a long  w i t h  t h e  c o e f f i c i e n t s  A and A o ,  
3 

CCSH v a l u e s  c a l c u l a t e d  us ing  t h e  r o l l e r  f i x t u r e s  i n  tab le  2.  Then, CIIc  and GIIc 

were c a l c u l a t e d  from eqs(8 & 1 2 )  us ing  a p p r o p r i a t e  c o e f f i c i e n t s  from t ab les  2&3. 

cc 
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For a l l  three materials, CIIc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcc values were l ower ,  and hence more c o n s e r v a t i v e ,  

than t h e  beam theory  v a l u e s  c a l c u l a t e d  w i t h  or wi thout  t r a n s v e r s e  shear. The 

largest d i f f e r e n c e s  occu r red  f o r  the  materials whose s l o p e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA3, d e v i a t e d  the  

greatest from t h e  beam t h e o r y  s l o p e  of 1.5 i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeq. 7 ( tab le 2 ) .  

Table 6 l ists resul ts for  T300/BP907 graphi te-epoxy.  As no ted  ear l ier ,  t h e  

v a l u e s  y i e l d e d  t he  lowest, i . e .  t h e  most c o n s e r v a t i v e ,  estimate of cc 
5 I c  

CCSH 
values zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwere slightly different, indicating the small The % I C  

toughness .  

c o n t r i b u t i o n  due t o  t r a n s v e r s e  shear .  The three tests run  w i thout  p r e c r a c k s ,  

where t h e  de laminat ion  was i n i t i a t e d  a t  t he  i n s e r t ,  y ie lded the  highest a p p a r e n t  

toughness .  Because these de laminat ions  started in the  r e s i n - r i c h  pocket  a t  t he  

t i p  of t h e  i n s e r t ,  t h e y  were no t  cons idered t o  be r e p r e s e n t a t i v e  of n a t u r a l l y  

occurring delaminations. 

toughness  t h a n  t h e  two shear precracked specimens. However, because these 

specimens had exper ienced l a r g e  t e n s i l e  deformat ions a t  t h e  crack t i p ,  t h e y  were 

a l s o  n o t  cons ide red  t o  be r e p r e s e n t a t i v e  of a n a t u r a l l y  occurring delamination in 

a r e g i o n  of h igh  shear stresses. There fore ,  a l l  remain ing tests  for  t h e  three 

materials were r u n  on specimens t h a t  were precracked i n  shear, ei ther  s t a t i c a l l y  

or cyc l i ca l l y ,  t o  o b t a i n  a r e a l i s t i c  i n t e r l a m i n a r  shear f r a c t u r e  toughness  of 

t he  de laminated  composi te  w i t h  shear  de format ion  a t  t h e  crack t i p .  

The tension precracked specimen yielded slightly lower 

T a b l e  7 lists r e s u l t s  f o r  ASQ/PEEK graph i te - the rmop las t i c .  As shown i n  

f i g . 1 3 ,  there was a s i g n i f i c a n t  degree of scatter i n  t he  data  from these n i n e  

tests.  T h i s  scat ter  could be reduced i f  t he  h igh  and low data p o i n t s  were 

cc v a l u e s  
the % I C  

discarded l e a v i n g  on ly  seven data  po in ts .  As noted  ear l ier ,  

y i e l d e d  lower, i .e.  more conserva t i ve ,  estimates of toughness t h a n  t h e  beam 

theory  v a l u e s ,  w i t h  o r  w i thout  t r a n s v e r s e  shear ( t ab le  7 ) .  However, t h e  AS4/PEEK 

specimens e x h i b i t e d  s i g n i f i c a n t  non l inear  load-d isp lacement  behav io r  before 

u n s t a b l e  de laminat ion  growth.  There fore ,  bo th  t h e  beam t heo ry  and t h e  compl iance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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ca l i b ra t i on  methods do not r e f l e c t  t h e  change i n  energy wi th  crack growth tha t  

occurs a f t e r  t h e  compliance has increased a t  loads above P However, if 

subc r i t i ca l  crack growth is assumed t o  occur a t  the onset of nonl inear i ty ,  then zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANL 

eq.(14)  may yield a more accurate representat ion of t h e  interlaminar shear 

f racture toughness than e q . ( l ) .  Therefore, PNL was used i n  t he  compliance 

ca l i b ra t i on  equations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8&12) t o  ca lcu late the c r i t i c a l  value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG f o r  onset of 
I1 

SCSH f o r  the delamination growth. Calculated values of GI Ic  and GIIc  
sc 

subc r i t i ca l  

AS4/PEEK specimens tested a r e  l i s t e d  i n  t ab le  7. These values calculated using 

the load a t  onset of nonlinear behavior, PNL,  a r e  s ign i f i can t l y  lower t h a n  

toughness values calculated u s i n g  the c r i t i c a l  load a t  unstable delamination 

growth, Pc.  In terest ing ly ,  specimen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/I9 had the highest P 

value of CIIc, b u t  had the lowest P 

and hence the highest 
C’ 

cc t h u s  yielding a r e l a t i v e l y  low value of 
NL ’ 

sc . The two specimens tha t  were precracked under cyc l i c  shear loading, u s i n g  
GI I C  

a re la t i ve l y  h i g h  maximum load and a low number of cycles,  had s imi lar  toughness 

values as t h e  r e s t  of the specimens tha t  were precracked under s t a t i c  shear 

loads. 

Table 8 l i s t s  r e s u l t s  fo r  the S2/SP250 glass-epoxy. As noted e a r l i e r ,  the 

values yielded the lowest, i . e .  the most conservative, est imate of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcc 
%c 

toughness. I n  addition t o  the s t a t i c  t e s t s ,  residual  toughness t e s t s  were 

conducted on four specimens t h a t  had been subjected t o  r e l a t i v e l y  low maximum 

cyc l ic  loads fo r  a t  l e a s t  one mi l l ion fa t igue cycles without delamination 

growth. These residual toughness values ( t a b l e  9 )  were consis tent ly  lower than 

the s t a t i c  toughness values measured ( t a b l e  8 ) .  Furthermore, these t e s t s  

exhibited s ign i f icant  nonl inear i ty,  s imi lar  t o  t h e  behavior of the AS4IPEEK 

s t a t i c  t e s t s .  

SCSH for  and C 
I I C  

mater ia l ,  the 

Therefore, eqs. 

these specimens 

sc were lower 

sc 
( 8 )  and ( 1 2 )  us ing  P 

( t a b l e  9 ) .  A s  noted e a r l i e r  f o r  the ASQIPEEK 

than the G F F c  values. 

were used t o  ca lcu late GI Ic  
NL 
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F a t i g u e  T e s t s  

Tables 10-12 l ist  t h e  c y c l e s  t o  de lamina t ion  o n s e t ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN, maximum c y c l i c  l oad ,  

de lamina t ion  l e n g t h ,  a ,  compl iance, C ,  and maximum c y c l i c  CII v a l u e s  us ing  'max zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 

the  v a r i o u s  data  r e d u c t i o n  schemes f o r  t h e  T300/BP907, S2/SP250, and AS4/PEEK 

l a m i n a t e s ,  r e s p e c t i v e l y .  F igu res  14-16 show the numbers of c y c l e s  t o  

de lamina t ion  o n s e t  as a f u n c t i o n  of maximum c y c l i c  GI I  l e v e l  for the  three 

materials tested. All  three materials e x h i b i t  s i g n i f i c a n t  r e d u c t i o n s  i n  c r i t i c a l  

cc 

v a l u e s  for  de lamina t ion  o n s e t  with f a t i g u e  c y c l e s ,  w i t h  an apparen t  
I 

t h r e s h o l d  v a l u e  f o r  de lamina t ion  onset  i n  f a t i g u e  as i n d i c a t e d  by t h e  p l a t e a u s  

I1 i n  f i g u r e s  14-1 6. Hence, c y c l i c  l oad ing  s i g n i f i c a n t l y  r e d u c e s  t h e  c r i t i ca l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC 

for  de lamina t ion  o n s e t .  These t h resho ld  va lues  of C may be compared t o  G 
I1 I I C  

u s i n g  t h e  ENF test t o  q u a n t i f y  t he  degrada t ion  i n  i n t e r l a m i n a r  shear f r a c t u r e  

toughness due t o  f a t i g u e .  

DIS CUSS1 ON 

Compliance C a l i b r a t i o n  

va lues  f o r  each specimen shou ld  be determined us ing  
CCSH 
IIC 

I d e a l l y ,  Gcc and C 
I I C  

va lues  of t h e  A and A c o e f f i c i e n t s  measured f o r  each specimen.  However, t h i s  

would be very time consuming. There fore ,  a l l  t h e  data were reduced u s i n g  t h e  

average  v a l u e  of these c o e f f i c i e n t s  c a l c u l a t e d  from t h e  two compl iance 

c a l i b r a t i o n  tests  f o r  each material l i s t e d  i n  tab les zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 & 3 ) ,  and C o  was 

determined from e q ( 7 )  u s i n g  t he  measured va lues  of C and a f o r  t h e  p a r t i c u l a r  

t e s t .  An a l t e r n a t i v e  would be t o  measure Co d i r e c t l y  for  each specimen,  whi le  

3 1 
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s t i l l  using the average coe f f i c i en ts  from j u s t  a few compliance ca l i b ra t i on  

tests. 

S t a t i c  Tests 

Because the compliance ca l i b ra t i on  values a r e  the most conservative f o r  

mater ia ls t h a t  exhibi t  l i n e a r  load-displacement behavior, and because they 

represent t h e  actual change i n  compliance w i t h  delamination growth fo r  t h e  

specimens tested,  t h e  interlaminar shear f rac tu re  toughness is best represented 

by CIIc.  However, for  mater ia ls that  exhibi t  nonlinear load-displacement 

behavior, a s  was observed i n  the AS4/PEEK s t a t i c  t e s t s  or i n  t h e  residual  s t a t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcc 

t e s t s  on t h e  S2/SP250 following high cycle fa t igue,  the interlaminar shear 

f rac tu re  toughness is characterized most conservatively by CSfc  values. Because 

the growth of a mode I1 delamination ac tua l l y  corresponds t o  t h e  coalescence of 

small t e n s i l e  cracks oriented a t  45O t o  the delamination plane i n  the resin 

layer between the p l i e s ,  then mode I1 crack growth may be more s t a b l e  i f  the 

res in  toughness is h i g h ,  or i f  the material a t  the delamination f ron t  has been 

cyc l ica l ly  deformed. Hence, the c r i t i c a l  G f o r  onset of subc r i t i ca l  ( i .e .  

s t a b l e )  delamination growth may provide a b e t t e r ,  and more conservative, measure 

I1 

of the interlaminar shear f rac tu re  toughness i n  these cases. 

The ENF t es ts  conducted i n  t h i s  s t u d y  showed a s i g n i f i c a n t ,  i n  some cases 

an order of magnitude, reduction i n  t he  mode I1 delamination du rab i l i t y  of the 

three mater ia ls studied compared t o  t h e i r  s t a t i c  interlaminar shear f rac tu re  

toughnesses ( f i g .  14-1 6 ) .  T h i s  reduction i n  delamination res is tance during c y c l i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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l o a d i n g  was a l s o  observed i n  s t u d i e s  conducted us ing  mixed-mode edge 

de lamina t ion  t e n s i o n  tests 15-81. Figure  1 7  shows t he  r e d u c t i o n  i n  c r i t i ca l  

t o t a l  C f o r  de laminat ion  onse t  f o r  two edge de laminat ion  t e n s i o n  (EDT) l ayups  of 

~ 3 0 0 / ~ P 9 0 7  [71. The two layups  have i n t e r m e d i a t e  and low percentages  of mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11, 

with t h e  remainder  mode I. Also shown i n  f igure 17 are the  c r i t i c a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACcc v a l u e s  

f o r  de lamina t ion  o n s e t  ( f i g .  1 4 )  for s t a t i c  l o a d i n g  and f o r  f a t i g u e  ( w i t h  the  

same f requency  and R- ra t i o  as the EDT tests) .  The s ta t i c  Gc va lues  are d i f f e r e n t  

for the three tests, with the layups hav ing the h i g h e s t  percentage of  GII 

showing t h e  l a r g e s t  apparen t  toughness. However, t h e  Cth v a l u e s  are n e a r l y  

i d e n t i c a l  f o r  t h e  two edge de laminat ion  l ayups  and the ENF specimens. Hence, the  

s t a t i c  toughness of t h i s  material w i l l  va ry  w i t h  t h e  r a t i o  of mode I and I1 a t  

the de laminat ion  f r o n t ,  b u t  t he  f a t i g u e  t h r e s h o l d  depends on ly  on t he  t o t a l  C ,  

I1 

independent  of t h e  mode r a t i o .  

F igu re  18 shows t h e  r e d u c t i o n  i n  c r i t i ca l  t o t a l  C f o r  de laminat ion  o n s e t  

f o r  a (352/-352/02/902)s edge delaminat ion t e n s i o n  (EDT) l ayup  of AS4/PEEK 

[SI .  The t o t a l  C f o r  t h i s  layup c o n s i s t s  predominant ly  of t e n s i o n ,  GI, w i t h  o n l y  

a small shear component, GII. Also shown i n  f i g u r e  18 are t h e  c r i t i ca l  C 

values from the ENF test f o r  de laminat ion o n s e t  i n  f a t i g u e  ( f i g .  16) under  the  

I1 

same f requency  and R- ra t io .  Although these two tests 

c o n s i s t s  of pure i n t e r l a m i n a r  shear and t he  o t h e r  is 

t e n s i o n ,  the  Gth va lues  are n e a r l y  i d e n t i c a l .  Hence, 

are d i f f e r e n t  i n  t h a t  one 

pr  edomi n a n t l  y i n t  er l  ami nar  

as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas noted  earl ier  f o r  

t h e  T300/BP907 m a t e r i a l ,  t h e  f a t i g u e  t h r e s h o l d  f o r  the AS4/PEEK appears  t o  

depend o n l y  on t h e  t o t a l  C,  independent of t he  mode r a t i o .  

Prev ious ly  a l i n e a r  de laminat ion f a i l u r e  c r i t e r i o n  was proposed f o r  

de laminat ion  f a i l u r e  under s t a t i c  l oads  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1241. T h i s  c r i t e r i o n  had t h e  form 

%I - + - = I  
cIc %c 
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F igu re  19 from re fe rence 24 shows i n t e r l a m i n a r  f r a c t u r e  toughness  data p l o t t e d  

from t h e  l i t e r a t u r e  f o r  materials with matrices rang ing  from very  br i t t l e  t o  

very tough. Pure mode I data (GIc v a l u e s )  were genera ted  us ing  doub le  c a n t i l e v e r  

beam zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(DCB) specimens and are  p l o t t e d  on the o r d i n a t e .  Pure mode I1 d a t a  (GI Ic  

v a l u e s )  were generated us ing  ENF specimens and are shown on the abscissa. Mixed 

mode data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( G  va lues)  were genera ted  us ing  edge de laminat ion  t e n s i o n  (EDT) and 

c rack  l a p  shear (CLS) specimens,  and are  p l o t t e d  a t  t h e  a p p r o p r i a t e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcoordinates 

accord ing  t o  the  G and GII component f o r  each t es t .  For a l l  t he  materials, t he  

d a t a  f i t  the l i n e a r  c r i t e r i o n  g iven by e q . ( 1 7 ) .  However, f o r  t h e  b r i t t l e  

materials, l i k e  t h e  epoxy matrix materials i n  t h i s  s t u d y ,  GIc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<< GIIc ;  whereas 

f o r  t h e  toughened matrix materials, such as AS4/PEEK, GIc was n e a r l y  equa l  t o  

I1 

C 

I 

. There fo re ,  f o r  the toughened matrix materials, n o t i n g  t h a t  G = GI + G 

and t h a t  GIc= G I I c ,  eq . (17 )  reduces  t o  

G = Gc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A l i n e a r  f a i l u r e  c r i t e r i o n  similar t o  eq . (17 )  may be assumed f o r  

de lamina t ion  onset  under c y c l i c  l oad ing  as 

- + - = I  GI GI I 

' I th  % I t h  

(18) 

(19)  

However, as i nd i ca ted  i n  f i g u r e s  17 and 18, t h e  t h r e s h o l d  v a l u e  f o r  de laminat ion  

o n s e t  i n  f a t i g u e  appears  t o  be independent  of mode r a t i o ,  even f o r  t h e  br i t t l e  

epoxy ma t r i x  ma te r ia l s  where t h e  s t a t i c  toughness  is dependent on mode r a t i o .  

F ig .  20 shows t he  s t a t i c  and f a t i g u e  de laminat ion  s t r a i n  energy release 

ra te  data f o r  T300/BP907. L inear  f a i l u r e  cr i ter ia  are p l o t t e d  f o r  t he  s ta t i c  

i n t e r l a m i n a r  f r a c t u r e  toughness and f a t i g u e  t h r e s h o l d  between t h e  predominant ly  
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mode I (EDT)  and mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 (ENF) toughness values. The fa t igue envelope is lower 

than the s t a t i c  envelope, wi th  the greatest  apparent reduction occurring fo r  the 

pure mode I1 t e s t s  as indicated i n  f igure 17. The s t a t i c  envelope is skewed 

because C 

re f lec t ing  the near equali ty of the threshold values of G I  and CII .  

f o r  the b r i t t l e  epoxy matrix composites, the fa t igue delamination c r i t e r i on  of 

eq.(19) s imp ly  reduces to  

whereas the fat igue envelope approaches a 45O l i n e  
I C < <  GIIc ’  

Therefore, 

‘max zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= ‘th (20) 

Fig. 21 shows the s t a t i c  and fat igue delamination s t r a i n  energy re lease 

r a t e  data for  AS4/PEEK. Linear fa i lu re  c r i t e r i a  a re  plot ted fo r  the s t a t i c  

interlaminar f rac tu re  toughness and fa t igue threshold between the predominantly 

mode I ( E D T )  and mode I1 (ENF)  toughness values. The fa t igue envelope is 

than the s t a t i c  envelope, with the greatest  apparent reduction occurring 

<< C I I c ,  whereas mode I1 t e s t s .  The s t a t i c  envelope is skewed because C 
sc 

I C  

lower 

in pure 

the 

fa t igue envelope approaches a 45O l ine  re f lec t ing  the near equali ty of the 

threshold values of GI and GII .  

eq.(20) may apply for  the tough AS4IPEEK composite as well as for  the epoxy 

Therefore, the fa t igue delamination criterion of 

matrix composites. However, several inconsistencies i n  AS4/PEEK data have been 

noted i n  the l i t e r a t u r e  [SI. T h i s  may be i l l u s t r a t e d  by comparing the data i n  

f igures 19 and 21. The s t a t i c  toughness data fo r  PEEK composites shown i n  f ig.19 
- 

ind icate that  a t o t a l  G c r i t e r i on  should apply fo r  t h i s  mater ia l ,  i .e. ,  GIc = 

CIIc.  However, the data i n  f i g .  21 indicates tha t  G < GIIc.  The GIIc  value i n  

f i g .  19 was calculated using ENF specimens tha t  exhibi-ted unstable propagation 

I C  

from a tens i l e  precrack. T h i s  value is s imi lar  t o  the G f F c  values reported i n  

t h i s  s t u d y  using ENF specimens w i t h  shear precracks. However, the GIc value 
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e x t r a p o l a t e d  from t h e  predominant ly mode I EDT l ayup  is lower t h a n  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG v a l u e  

i n  f i g . 1 9  t h a t  was measured from DCB tests. This  d i f f e r e n c e  is minimized i f  the 

I C  

i n f l uence  of r e s i d u a l  thermal  stresses t o  G i n  t he  EDT tes t  are i nc luded  i n  the 

data r e d u c t i o n  [8,25]; however, t h i s  would a l s o  i n c r e a s e  the  apparen t  Gth for 

t h i s  predominant ly mode I case over  t h e  GIIth measured i n  t h i s  s t u d y  us ing  the  

ENF test ,  which is d i f f i c u l t  t o  r a t i o n a l i z e  p h y s i c a l l y .  Because of t h e  many 

v a r i a b l e s  t h a t  may i n f l u e n c e  toughness  f o r  the  s e m i c r y s t a l l i n e  PEEK 

t h e r m o p l a s t i c  mat r ix  compos i tes ,  a d e t a i l e d  s t u d y  shou ld  be conducted us ing  a 

v a r i e t y  of tests on pane ls  of t h i s  material as i t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis c u r r e n t l y  produced t o  f u l l y  

c h a r a c t e r i z e  t h e  toughness of AS4/PEEK. 

Res idua l  S t a t i c  Tests zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

The degradat ion  i n  r e s i d u a l  C va lues  f o r  S2/SP250 lam ina tes  a f te r  10 

c y c l e s  ( tab les  8&9)  i n d i c a t e s  t ha t  matrix damage was c r e a t e d  a t  t he  de lamina t ion  

I I C  

f r o n t  even though no coa lescence  occu r red  r e s u l t i n g  i n  de laminat ion  growth.  

These data would sugges t  t h a t  de laminat ion  growth might occur  a t  very l ong  

f a t i g u e  l i v e s ,  perhaps on t h e  o r d e r  of 10 t o  10 c y c l e s .  I n  some composi te 7 9 

s t r u c t u r e s ,  such as h e l i c o p t e r  r o t o r  b l a d e s  and hubs,  these l ong  l i v e s  are very 

common. Hence, fo r  very  l ong  term d u r a b i l i t y ,  t h e  Gth va lues  measured a t  10 

c y c l e s  may be unconservat ive.  Tes t i ng  f o r  de laminat ion  o n s e t  af te r  10 o r  more 

c y c l e s  is needed t o  conf i rm t h i s  percep t ion .  T h i s  l ong  term t e s t i n g  may be very 

6 

7 

time consuming and c o s t l y .  However, t h e  f l a t n e s s  of the Gmax ve rsus  cycles 

cu rves  between 10 and 10 

probab ly  decrease ve ry  l i t t l e  beyond 10 cycles. 

5 6 c y c l e s  ( f ig .14-18)  s u g g e s t s  t h a t  Gth va lues  w i l l  

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CONCLUSIONS 

Based on t he  a n a l y s i s  and r e d u c t i o n  of tes t  data f o r  the materials tested 

i n  t h i s  s t u d y ,  t h e  f o l l ow ing  conc lus ions  were reached: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 )  F i n i t e  element a n a l y s i s  of the  end-notched f l e x u r e  (ENF) specimen 

i n d i c a t e s  t ha t  the beam theory c a l c u l a t i o n  for  G w i t h  the t r a n s v e r s e  

shear c o n t r i b u t i o n  inc luded is r e a s o n a b l y  accurate o v e r  t h e  e n t i r e  r a n g e  

of crack l e n g t h s .  These zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG:; v a l u e s  are s l i g h t l y  c o n s e r v a t i v e  compared t o  

the  f i n i t e  element resul ts ,  b u t  t h e  d i f f e r e n c e  is minimal when t h e  

c o n t r i b u t i o n  of f r i c t i o n  i s  i nc luded  with t he  f i n i t e  element r e s u l t s .  

Hence, GSH v a l u e s  r e p r e s e n t  reasonab ly  a c c u r a t e  c a l c u l a t i o n s  of the  

s t r a i n  energy r e l e a s e  ra te  a s s o c i a t e d  w i t h  i n t e r l a m i n a r  shear i n  t h e  ENF 

test .  

I1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I1 

2) ENF specimen compliance measurements, and t h e  v a r i a t i o n  i n  compl iance 

w i t h  de lamina t ion  l e n g t h ,  f o r  t h e  materials tested d i f f e r e d  from the 

beam t heo ry .  T h i s  d i f f e r e n c e  was a t t r i b u t e d  t o  the  v a r i a t i o n  i n  p l y  

t h i c k n e s s ,  and hence t h e  v a r i a t i o n  i n  f i be r  volume f r a c t i o n ,  t h rough  the  

t h i c k n e s s  of the ENF specimens. For t he  materials tested i n  t h i s  s t u d y ,  

t h e  a x i a l  s t i f f n e s s  es t ima ted  from f l e x u r a l  tests was c o n s i s t a n t l y  lower 

than  va lues  measured on t h e  same ENF specimens i n  a x i a l  t e n s i o n  tests. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3) For t h e  m a t e r i a l s  t h a t  e x h i b i t e d  l i n e a r  l o a d - d e f l e c t i o n  behavior  i n  the 

v a l u e s  determined from compl iance GIIc  ENF t h ree -po in t  bending test, 
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c a l i b r a t i o n  measurements prov ided t he  most c o n s e r v a t i v e  and a c c u r a t e  

e s t i m a t e  of i n t e r l a m i n a r  shear f r a c t u r e  toughness .  

4 )  C y c l i c  l oad ing  s i g n i f i c a n t l y  reduced the  c r i t i ca l  GII f o r  de lamina t ion  

o n s e t .  The maximum c y c l i c  G l e v e l  below which no de lamina t ion  was 

observed af te r  10 

delaminat ion i n  f a t i g u e ,  was determined f o r  the three materials and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 
6 c y c l e s ,  i .e . ,  the  t h r e s h o l d  c y c l i c  CII f o r  

was compared t o  t h e  s ta t i c  CIIc us ing  t h e  ENF test  t o  q u a n t i f y  the 

degradat ion  i n  i n t e r l a m i n a r  shear f r a c t u r e  toughness  due t o  f a t i g u e .  

5) Toughened matrix m a t e r i a l s ,  and br i t t l e  mat r i x  materials t h a t  underwent 

low-loadlhigh-cycle f a t i g u e  l o a d i n g ,  e x h i b i t e d  n o n l i n e a r  load- 

displacement behavior  i n  t h e  ENF test. For  these cases, CII calculated 

us ing  the  l oad  a t  d e v i a t i o n  from l i n e a r i t y  may prov ide  a more a c c u r a t e  

and conserva t ive  estimate of the  i n t e r l a m i n a r  shear f r a c t u r e  toughness .  

6) Although a l i n e a r  mixed-mode f a i l u r e  c r i t e r i o n  is needed t o  c h a r a c t e r i z e  

t he  s t a t i c  i n t e r l a m i n a r  f racture toughness of some composi te  materials, 

a t o t a l  C t h r e s h o l d  c r i t e r i o n  appears t o  be s u f f i c i e n t  f o r  

c h a r a c t e r i z i n g  t h e  f a t i g u e  de laminat ion  d u r a b i l i t y  of composi te  

laminates  w i t h  a v a r i e t y  of s t a t i c  toughnesses .  
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TABLE 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Material Proper t i es  

Mat er i  a1 

S2/SP250 
T300/BP907 
AS4/PEEK 

Materi a1 

E l l ,  Msi E Msi 
22' 

G 1 2 ,  Msi 
12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV 2h, i n .  h2E1 1 9  2 

6.31 2.50 0.60 0.25 0.2270 0.1355 49.5 
17.11 1.20 0.83 0.29 0.1505 0.1167 56.3 
21.23 1.50 0.67 0.37 0.1243 0.1224 61.7 

TABLE 2 - Compliance Ca l i b ra t i on  Data 

C/Co = A. + A3(a /L)  3 

Roller F ix tu re  Knife-Edge F i x t u r e  Beam Theory - 
3 AO r A 

z 
A3 A O  A3 A O  

r Spec. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

S2/SP25O 255- 6 1.151 1.003 .999 1.226 1.000 .989 1.50 1.0 
255-17 1.230 .983 .990 1.408 1.000 .998 

AVC. 1.191 1.317 

T300/BP907 0-2-11 1.313 1.012 .999 1.316 .991 .996 1.50 1.0 
0-2-9 1.296 1.036 .992 1.318 .994 .997 

AVC. 1.305 1.317 

1.446 .991 .991 1.801 1.007 .997 1.50 1.0 AS4/PEEK 3-20 
3-1 9 1.482 1.002 .995 1.540 1.004 .997 
AVC . 1 .464  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.671 



TABLE 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Compliance Ca l i b ra t i on  Data 

Roller F i x t u r e  Beam Theory & Shear 

A A1 AO A3 A1 AO Mater ia l  Spec.# 

S2/SP250 255- 6 1.140 .0113 1.000 1.399 0.839 1.000 

3 -  

255-17 1.338 -.1199 1.014 
AVC. 1.239 -.0543 1.007 

T300/BP907 0-2-11 1.259 .0606 0.996 1.412 0.847 1.000 
1.101 .2160 0.980 

AVC. 1.180 .1383 0.988 
-- 0-2-9 

AS4/PEEK 3-20 1.527 -.0905 1.014 1.408 0.845 1.000 
1.511 -.0324 1.011 3-1 9 

AVG. 1.519 -.0615 1.013 
-- 

TABLE 4 - Comparison of Measured Axial Moduli with Values from F lexu ra l  
Compliance 

Mater ia l  Spec.# 

S2/SP25O 255- 6 
255-1 7 

AVC. 

T300/BP907 0-2-11 
0-2-9 

AVC . 
AS4 /PEEK 3-20 

3-1 9 
AVC . 

FX 
El 1 ,  M s i  

Roller Fixture Knife-Edne F i x t u r e  

5.42 
5.56 
5.49 

12.44 
12.20 
12.32 

15.76 
15.45 
15.61 

5.95 
5.92 
5.94 

13.38 
13.59 
13.48 

15.64 
16.06 
15.85 

A X  
E l l ,  Msi 

Tension Test 

5.83 
6.79 
6.31 

17.25 
16.97 
17.11 

22.76 
19.70 
21.23 

TABLE 5 - Dif ference i n  Measured and Calcu lated Axial  Modulus 

( E A X  - EFX) / EA' 
1 1  11  11  

Mater i a1 Ro l le r  F ix ture Kni f e-Edge F i x t  ur  e 

s 2  /sP250 0.130 
T3 00/ B P9 0 7 0.280 
AS4/PEEK 0.265 

0.059 
0.212 
0.253 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- S t a t i c  ENF Data f o r  T300/BP907 

2 
Frac tu re  Toughness, i n - l b / i n  

BT SH CC CCSH Pre- 
Pc, lbs .  Co, in / lb  % I C  ‘IIc ‘IIc %IC crack 

Spec.# a ,  i n .  C ,  i n / l b  
--- 

1-2-3 0.80 1.67~101: 430 1.39~101: 10.73 11.13 9.56 9.50 shear  
1-2-8 0.70 1.7O~lO-~ 420 1.50~10-~ 8.50 8.91 7.52 7.75 shear  
1-2-9 0.80 1.88~1 0-4 355 1 .57X10-4 8.23 8.54 7.33 7.29 t en .  
0-2-8 1 . O O  2 . O w  0-4 375 1.47~10-~ 13.24 13.55 12.00 11.45 none 
0-2-6 1 .lo 1.71~10-~ 390 1 .i3~1 o - ~  13.18 13.44 12.04 11.39 none 
1-2-5 0.80 1.70~10 450 1 .42x10 11.97 12.40 10.66 10.59 none 

TABLE 7 - S t a t i c  ENF Data f o r  AS4/PEEK 

Spec. # 

3 -6 
3-1 0 
3-4 
3-4 
3-1 2 
3-1 2 
3-1 2 
3 -9 
3 -7 

a ,  i n .  C ,  i n / l b  
load.  l b s .  

pC ‘NL -- 
0.65 

1 .oo 
0.60, 

0.85, 
1.10 
1.05 
1 .oo 
0.80 
0.60 

AVC. 
* Cyclic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAShear Precrack 

330 
3 48 
295 
31 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
260 
31 5 
305 
255 
300 

2 Fracture Toughness, i n - l b / i n  
BT SH CC CCSH SC CSCSH 

% I C  cIIc % I C  % I C  % I C  I I C  

9.30 9.84 9.09 
7.23 7.72 7.06 
17.20 17.62 16.89 
15.01 15.52 14.71 
15.22 15.52 14.97 
16.09 16.44 15.81 
13.55 13.88 13.31 
30.63 31.80 30.00 
13.41 14.32 13.10 

15.29 15.85 14.99 

--- 

8.85 7.86 7.65 
6.78 5.83 5.59 
17.16 13.10 13.31 
14.79 11.15 11.21 
15.27 9.94 10.14 
16.10 12.45 12.68 
13.53 10.71 10.88 
29.99 5.16 5.16 
12.57 4.16 4.47 

15.00 8.98 9.01 

- - ~  
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TABLE 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- S t a t i c  ENF Data f o r  S2/SP250 

2 F r a c t u r e  Toughness,  i n - l b / i n  
BT SH CC CCSH 

% I C  % I C  % I C  % I C  
C ,  i n / l b  P c , l b s .  C o , i n / l b  -- Spec.  # 

255-20 
255-20 
255-20 
255-1 8 
255-1 7 
255-6 
255- 1 9 
255-1 0 
255-3 

AVG. 

Spec.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.1C 

255-8 
255-1 6 
255-4 
255-9 

a ,  i n .  

0.85 
0.90 
0.95 
0.60 
0.60 
0.60 
0.60 
0.60 
0.60 

a ,  i n .  

-4 
1 .60xl 0-4 
1 .42xl 0-4 
1 .46xl 0-4 
1 .18xl 0-4 
1 .25xl 0-4 
1.19xl o-4 
1 .21x10-4 
1.20xl o-4 
1 .20xlO 

5.66 5.87 4.76 4.95 
-4 306 1 . 3 1 ~ 1 0 - ~  

363 1 . 1 3 ~ 1 0 - ~  7.64 7.89 6.38 6.66 
357 1 .12x10-4 8.09 8.33 6.81 7.08 
680 1 . 1 0 ~ 1  0-4 11.99 12.89 9.69 10.80 
505 1 .16~1  0-4 6.98 7.51 5.64 6.31 
530 1.1 1x10-4 7.31 7.86 5.91 6.62 
51 0 1.12xl o-4 6.89 7.40 5.56 6.23 
522 1.12x10-4 7.16 7.70 5.78 6.47 

6.47 6.95 5.22 5.84 496 1.1 2x10 

7.58 8.05 6.19 6.77 

---- 

TABLE 9 - R e s i d u a l  S t a t i c  ENF Data f o r  S2/SP250 

C ,  i n / l b  

0.90 
0.90 
0.65 
0.70 

1 .44x101: 
1 . 2 8 ~ 1 0 - ~  
1 . 3 7 ~ 1 0 - ~  
1 . 3 3 ~ 1 0  

l o a d ,  lbs. 

pC ’NL -- 
340 270 
372 255 
366 300 
365 300 

2 
F r a c t u r e  Toughness,  i n - l b / i n  

BT SH CC CCSH S C  GSCSH 
% I C  GIIc  % I C  % I C  %c I I C  ---- -- 
6.79 7.02 5.67 5.93 3.58 3.74 
7.22 7.42 6.04 6.31 2.84 2.96 
4.61 4.90 3.74 4.11 2.51 2.76 
5.02 5.30 4.10 4 . 4 4  2.77 3.00 

5.91 6.16 4.89 5.20 2.92 3.12 

------ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AVG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TABLE 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- F a t i g u e  ENF Data zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor T300/BP907 

255-1 5 
255-1 5 
255-1 4 
255-1 1 

Spec. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI/ 
, 

0-4-9 
I 0-4-8 

0-4-4 
0-4-2 
0-4-3 
0-4-7 
0-2-5 
0-4-1 1 
0-2-6 
0-2- 1 1 
0-2-8 
0-2-9 

a ,  i n .  C ,  i n / l b  

1.08 
0.75 
0.95 
1.18 
0.90 
0.85 
0.97 
0.65 
0.80 
1 .oo 
1 .oo 
0.90 

a ,  i n .  

1 .oo 
0.95 
0.90 
0.60 
0.90 
0.90 
0.90 
0.65 
0.80 
0.70 

-4 

1 . 7 1 ~ 1 0 - ~  
1 . 7 1 ~ 1 0 - ~  

1 .70xl 0-4 

1 . 8 0 ~ 1 0 - ~  

2 . 2 5 ~  1 0 

2. oox 1 o-4 

2.2 ox 1 0 -4 
2.00xl o-4 

2.10x10-4 
2. oox 1 o-4 

2.00x10-4 
2.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2x 1 0 -4 

Pmax 1 b  

250 
260 
200 
150 
170 
170 
130 
160 
140 
110 
100 
90 

2 

BT SH CC CCSH 

, i n - l b / i n  ‘IImax 

%I %I GI I GI I -~ ~~ --- 
6.23 6.36 5.68 5.38 
3.65 3.80 3.24 3.27 
2.98 3.06 2.69 2.58 
2.66 2.70 2.44 2.30 
2.36 2.43 2.12 2.05 
1.86 1.92 1.67 1.63 
1.58 1.62 1.43 1.37 
1.29 1.36 1.13 1.20 
1.23 1.27 1.09 1.09 
1 .12  1 . 1 4  1.01 0.97 
0.98 1.00 0.89 0.85 
0.74 0.77 0.67 0.65 

TABLE 1 1  - F a t i g u e  ENF Data for S2/SP250 

2 
i n-1 b/ i n  ‘IImax 9 

C ,  i n / l b  

-4 
1 . 5 0 ~ 1 0 - ~  
1 . 5 2 ~ 1  0-4 
1 . 4 2 ~ 1 0 - ~  
1 . 1 8 ~ 1 0 - ~  
1 . 4 1 ~ 1 0 - ~  
1 . 5 0 ~ 1 0 - ~  
1 . 4 3 ~ 1 0 - ~  
1 . 2 9 ~ 1 0 - ~  

1 . 4 8 ~ 1 0  
1 -33X10-4 

Pmax , 1b .  --- 
150 1.56 1.60 1.32 1.36 

1.49 1.54 1.25 1.30 
150 170 1.67 1.72 1.40 1.46  

1.53 1.65 1.50 1.39 244 
1 . 4 7  1.52 1.23 1.29 160 

160 
1.31 1.36 1.10 1.15 150 

150 0.73 0.78 0.59 0.65 
140 0.91 0.94 0.75 0.79 

0.88 0.93 0.72 0.78 145 

1.57 1.61 1.31 1.37 

Cycles , N 

280 
490 

10,140 
1,745 
7,900 

18,830 
23,400 
28,100 
37,240 

331,850 
562,200 

>1,000,000 

Cycles ,N 

13,500 
16,800 
19,000 

300,000 
>1,000*000 
>1,000,000 
>1,000,000 
> l  ,088,000 
>1,000,000 
>1 ,550,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATABLE 12 - Fatigue ENF Data for AS4/PEEK 

2 ‘IImax * i n-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb/ i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cc G F H  Cycles , N 

BT SH Spec.# a ,  i n .  C ,  i n / l b  Pmax , lb .  GII GII 
GI I --- 

3-22 0.60 2.35~101: 332 5.68 6.07 5.55 5.32 580 

3-1 1 0.60 2 . 3 3 ~ 1 0 - ~  133 0.90 0.97 0.88 0.85 144,000 
3-13 0.60 2.25~10 125 

3-15 0.60 2 . 3 4 ~ 1 0 - ~  257 3.39 3.62 3.31 3.17 2 250 
3-17 0.60 2 . 2 9 ~ 1 0 - ~  182 1.66 1.77 1.62 1.56 30,000 

0.77 0.82 0.75 0.72 >1,000,000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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i a t i o n  yrowth. The i n f l u e n c e  o f  precracking and data reduc t ion  schemes are  discussed. 
F in i te-e lement  ana lys is  i nd i ca ted  t h a t  the beam theory c a l c u l a t i o n  f o r  w i t h  t h e  

t ransverse shear c o n t r i b u t i o n  inc luded was reasonably accurate over the  e n t i  r e  range o 
crack lenyths.  Cyc l i c  load ing  s i g n i f i c a n t l y  reduced t h e  c r i t i c a l  GII f o r  delamina- 

t i on .  A t h resho ld  value o f  t he  maximum c y c l i c  GII below which no delaminat ion 

occurred a f t e r  one m i l l i o n  cyc les  was i d e n t i f i e d  f o r  each ma te r ia l .  
res idua l  s t a t i c  toughness t e s t s  were conducted on glass epoxy specimens t h a t  had under 
gone one m i l l i o n  cyc les  w i thout  delamination. 
t e r i a  was used t o  charac ter ize  the  s t a t i c  toughness o f  several composite mater ia ls ;  
however, a t o t a l  
n a t i o n  d u r a b i l i t y  o f  composite m a t e r i a l s  w i th  a wide range o f  s t a t i c  toughnesses. 

GII 

I n  add i t i on ,  

A l i n e a r  mixed-mode delaminat ion c r i -  

G th resho ld  c r i t e r i o n  appears t o  cha rac te r i ze  t h e  f a t i g u e  delami- 
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