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SYMBOLS 

"xi 

width of notch 

width of t h e  overstressed region 

width of the average stress region 

superscript indicating compressive stress 

constants 

interlaminar boundary layer thicknesses 

longitudinal modulus of the laminate 

longitudinal modulus of the ith lamina 

applied laminate force in the axial dire 
direction 

th axial shear modulus of the i lamina in 
the xy coordinate system 

axial shear modulus of the la.minate in the 
xy coordinate system 

transverse shear moduli 

modified shear modulus of 9 0 °  lamina 

contribution of fiber bending stiffness to 
the modified shear modulus E of the 90 
degree lamina 9 0  

laminate t 4ickness 

th thickness of the i lamina 

subscript indicating lamina number 

number of cycles 

0 stress ratio min ./"max. 



SYMBOLS (Continued) 

ult 
XY 

'r xyi 

cyclic maximum stress/static failure 
strength 

superscript indicating tensile stress 

superscript indicating-ultimate value 

axial displacement of the ith lamina inside 
the core region 

axial displacement in the overstressed 
region 

axial displacement in the average uni- 
formly stressed region 

total width of the laminate 

laminate coordinate system 

superscript indicating yield value 

axial inelastic length 

axial shear failure strain 

axial crack length 

applied gross laminate stress in the x, 
y and z direction 

applied laminate stress at which transverse 
crack propagates from notch tip 

inplane shear stress 

unnotched laminate tensile strength 

unnotched laminate compressive strength 

shear stress in the ith lamina in the xy 
coordinate system 

viii 



. th yield v a l u e  ot shear sEress jc the I 
lamina i:i ihe xy coord ina te  system 

yield value of interlaminar shear stress 
between layers 1 and 2, and  2 and 3, 
respectively. 



CVAL,UATEON AND EXPANS1 ON OF AN ANALYTTLAL i lORFL 

F O R  FATTGTIE: 01 ~JC~TCYCD COMPOSITE LA2IINATES 

R, L, R a m i c ~ : l i ~ a r ,  S ,  'IT, ~ < i ~ ~ ] < - a ~ : ~ ~ ~ ' ~  

and. K, B, Pipes*"  

M a t e r i a l s  S c i e n c e s  C o r p o r a t i o n  

T h i s  r e p o r t  d e s c r i b e s  t h e  a n a l y t i c a l  and e x p e r i m e n t a l  

s t u d y  per formed t o  expand t h e  e x i s t i n g  s t a t i c  and f a - t i g u e  

f a i l u r e  a n a l y s i s ,  The a n a l y t i c a l  e f f o r t  ex tended  t h e  a n a l y s i s  

t o  i n c l u d e  i n t e r l a m i n a r  e f f e c t s ,  w h i l e  t h e  e x p e r i m e n t a l  e f f o r t  

deve loped  methods t o  o b t a i n  b a s i c  e x p e r i m e n t a l  d a t a  r e q u i r e d  

a s  i n p u t  t o  t h e  a n a l y s i s ,  

The s t a t i c  f a i l u r e  a n a l y s i s  f o r  no tched  l a m i n a t e s  was 

m o d i f i e d  t o  i n c l u d e  i n t e r l a m i n a r  e f f e c t s  n e a r  t h e  n o t c h ,  The 

i n t e r l a m i n a r  e f f e c t s  were i n c l u d e d  by d i s c r e t i z i n g  t h e  l a m i n a t e  

i n t o  l aminae  i n  t h e  r e g i o n  o f  t h e  p r o j e c t i o n  of t h e  n o t c h  w i d t h  

a l o n g  t h e  a x i a l  d i r e c t i o n ,  T h i s  d i s c r e t i z a t i o n  produced. a d d i -  

t i o n a l  d-egrees  o f  f reedom which were  used  t.o arralyze a x i a l  

i n - p l a n e  s h e a r  damage o r  c r a c k  i n  e a c h  l a m i n a  and  a x i a l  i n t e r -  

l a m i n a r  damage o r  d e l a m i n a t i o n  a t  . the l ami r iae  i n t e r f a c e s ,  

Because a  l a r g e  number o f  damaqe zones  i s  p o s s i b l e  when e l a s t i c -  

p e r f e c t l y  p l a s t i - c  b e h a v i o r  i n  i n - p l a n e  and  i n t e r l a m i n a r  s h e a r  

i s  c o n s i d e r e d ,  t h e  a n a l y s i s  was s i m p l i f i e d  by assuming a  

s e c a n t  modulus representation of t h e  n o n l i n e a r  s h e a r  s t r e s s -  

s h e a r  s t r a i n  c u r v e ,  The y:cowth of damage by b o t h  t h e  above- 

mentioned a p p r o a c h e s  i s  c a l c u l - a t e d  for various r e a l i s t i c  

T-300 Gr/Ep Larnina.te ([O i i C f - i  2 / ~  '. 
[6/245/90! j and compared 

' s f  S 

w i t h  e a r l i e r  experirnejitai  o b s e r v a t i o n s ,  
f- 7 Lhsree-dirracr~siorial, e l . a s t i c  a:~d two- - i i i rnensLc~r laL  elastic- 

p l a s t i c  firli.'ioe element ai la ly ses were a l s o  perfc!zn~c?d for some 

*Presently a Consul tan t . 

* * A s s o c i a t e  Professor, University of Delaware ,  and A f f i l i a t e  
S t a f f  M e m b e r ,  :h ter ia ls  Sciences  C o r p o r a t i o n ,  



notched  l a m i n a t e s  f o r  t h e  p u r p o s e s  of  ( i) deve lop ing  a n  under-  

s t a n d i n g  o f  t h e  b e h a v i o r  o f  i n t e r l a m i n a r  s t r e s s e s  around t h e  

n o t c h ,  and (ii) d e t e r m i n i n g  t h e  n a t u r e  o f  t h e  2-D e l a s t i c -  

p l a s t i c  stress d i s t r i b u t i o n  a d j a c e n t  t o  t h e  n o t c h  when t h e  

maximum a t t a i n a b l e  stresses o r  combina t ions  t h e r e o f  f o r  t h e  

l a m i n a t e  a r e  governed by a  y i e l d  c r i t e r i o n .  The r e s u l t s  

o b t a i n e d  from t a s k  (i) prov ided  a  g u i d e l i n e  f o r  q u a l i t a t i v e l y  

a s s e s s i n g  t h e  approximate  stress a n a l y s i s  p rocedure .  Task 

(ii) de te rmined  how a p p r o p r i a t e  some of  t h e  p o s t u l a t e s  ( s u c h  

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

o f  l a m i n a t e  a n i s o t r o p y )  of  t h e  b a s i c  f a i l u r e  model a r e .  

The e x p e r i m e n t a l  e f f o r t  was d i r e c t e d  a t  s e v e r a l  d i f f e r -  

e n t  t a s k s :  (i) d e t e r m i n i n g  s t a t i c / f a t i g u e  ( S - N )  c u r v e  d a t a  

f o r  i n t e r l a m i n a r  s h e a r  and normal s t r e s s e s ;  (ii) a s s e s s i n g  

t h e  e f f e c t  of  ( a )  t h e  i n t e r a c t i o n  between i n - p l a n e  s h e a r  and 

t r a n s v e r s e  compress ion  on t h e  wearou t  r a t e s  f o r  s t r e n g t h  and 

s t i f f n e s s  i n  a  [ t 4 5 ]  l a m i n a t e  s u b j e c t e d  t o  u n i a x i a l  l o a d i n g ,  

and ( b )  t h e  t r a n s v e r s e  r e s t r a i n t  ( a s  p rov ided  by 90° l a y e r s  

i n  a  [Oi/90 . ]  l a m i n a t e )  on t h e  f a i l u r e  mode and wearout  r a t e s  
I s 

f o r  s t r e n g t h  and s t i f f n e s s  f o r  a  u n i d i r e c t i o n a l  l a y e r  when 

s u b j e c t e d  t o  compression/compression f a t i g u e ;  and f i n a l l y  

(iii) d e s i g n i n g  t h e  exper iments  and specimens t o  o b t a i n  t h e  

r e q u i r e d  d a t a .  



T h e  l i sp  of eompositc i n a t e r i a l s  f o r  p r i m a r y  a e r o s p a c e  

s t r u c t u r a l  a p p l i c a t i o n s  requires that t h e y  have  a d e q u a t e  s a f e t y  

m a r g i n s  and l i f e t i m e s  u n d e r  alJ. a n t r c k p a t e d  e n v i r o n m e n t s ,  

A c c o r d i n g l y ,  a  sound  u n d e r s t a n d i n g  o f  t h e  f r a c t u r e  and  f a t i g u e  

b e h a v i o r  o f  t h e s e  m a t e r i a l s  1s n e e d e d ,  a ~ d  t h e  r n a t e r r a l s  mus t  

a l s o  b e  w e l l  c h a r a c t e r i z e d  by s o u n d l y  b a s 4  e x p e r i m e n t a l  d a t a .  

To c h a r a c t e r i z e  m a t e r i a l s  by t e s t s  a l o n e  i s  e x p e n s i v e ;  a n a l y -  

ses which  c o r r e l a t e  succes s fu1 l .y  among d a t a  p o z n t s  c a n  g r e a t l y  

r e d u c e  t h e  number o f  t e s t s  needed and  g u ~ d c  t h e  t e s t i n g  

methods t o  p r o v i d e  more u s e f u l  e : :per imental  r e s u l t s ,  

The deve lopmen t  o f  s u c h  a n a l y s e s  was i n ~ t i a t e d  i n  r e f e r -  

e n c e  1 i n  which  a methodology  was d e v e l o p e d  En! p r e d i c t i n g  

t h e  g rowth  o f  c r a c k s  and  u l t i m a t e  f a i l u r e  u n d e r  f a t i g u e  l o a d i n g  

o f  f i b e r  c o m p o s i t e  l a m i n a t e s  c o n t a i n l l l y  t h r o u g h - t h e - t h i c k n e s s  

n o t c h e s  o r  h o l e s ,  T h i s  framework was b a s e d  on knowledge o f  

t h e  s t a t i c  and  f a t i g u e  b e h a v i o r  o f  a u n i d i r e c t r o n a l  Paye r  o f  

t h e  m a t e r i a l .  S p e c i f i c a l l y ,  t h e  a n a l y s r s  assumes  t h a t  l amina  

f a t i g u e  b e h a v i o r  w i t h i n  t h e  n o t c h e d  1aminat.e 1s p r e d i c t a b l e  

f rom f a t i g u e  d a t a  o b t a i n e d  from t es t s  o f  u:~notched l a m i n a e .  

To v e r i f y  t h i s  a n a l y s i s ,  and d e v e l o p  a se rn l - empi r i ca l  

c a p a b i l i t y  f o r  t h e  f a t i g u e  a n a l y s i s  o f  n o t c h e d ,  f i b e r - c o m p o s i t e  

l a m i n a t e s ,  t h e  p r e d i c t i o n s  d e r i v e d  f rom r e f e r e n c e  l w e r e  com- 

p a r e d  i n  r e f e r e n c e  2 w i t h  e x p e r i m e n t a l  f a t i g u e  d a t a  f o r  n o t c h e d  

[O2/L45Is Boron/epoxy l a m i n a t e s  c o n t a i n i n g  a  0 . 6 3 5  cm d i a m e t e r  

c i r c u l a r  h o l e ,  The s p e c i f i c  phenomena s t u d i e d  w e r e :  

(1) i n i t i a t i o n  of  f a t i g0 . e  damage, and  growth a s  a  func -  

t i o n  of Load c y c l e s *  

( 2 )  f a t i g u e  -1 i f e  and  mode o f  f a i l u r e  ; and 

( 3 )  r e s i d u a l  ~ ~ c r e n g t h  and mode of f a i l u r e  after a p r e -  

d e  terrrir neci number o f  c y c l e s  , 

The  r e s i d u a l  s t r e n g t h  after fatigue Load-ing, a-nd b o t h  

a x i a l  a-nd transverse damage g r o w t h ,  were measured q u a n t i t a -  

t i v e l y  f o r  correlation with the a n a l y t i c a l  predictions, 



C o r r e l a t i o n  between a n a l y s i s  and exper iment  was hampered, 

however,  by t h e  f o l l o w i n g  f a c t o r s :  

(1) d e l a m i n a t i o n  of t h e  0' s u r f a c e  Layers  i n  t h e  r e g i o n  

o f  t h e  l o n g i t u d i n a l  p r o j e c t i o n  s f  t h e  n o t c h  d i a m e t e r ;  

( 2 )  l a c k  o f  a  s t a t i s i t i c a l l y  s i g n i f i c a n t  d a t a  b a s e  f o r  

l amina  f a t i g u e  p r o p e r t i e s  i n  g g n e r a l ;  and,  pa r -  

t i c u l a r l y ,  

( 3 )  a b s e n c e  of  lamina  a x i a l  compress ion  f a t i g u e  d a t a .  

The p r i n c i p a l  d e f i c i e n c y  i n  t h e  a n a l y s i s  appeared  t o  be  

t h e  l a c k  of  a  c a p a b i l i t y  t o  p r e d i c t  t h e  growth o f  t h e  de lamina-  

t i o n ~ .  A p r imary  o b j e c t i v e  of  t h e  p r e s e n t  s t u d y  i s  t o  c o r r e c t  

t h i s  d e f i c i e n c y .  The approach used i s  t o  modify t h e  e x i s t i n g  

s t a t i c  f a i l u r e  a n a l y s i s  ( r e f .  3 )  t o  p e r m i t  t h e  e f f e c t s  o f  

i n t e r l a m i n a r  s h e a r  s t r e s s  t o  be  t a k e n  i n t o  a c c o u n t .  T h i s  i s  

ach ieved  by d i s c r e t i z i n g  t h e  l a m i n a t e  i n t o  laminae  i n  t h e  

v i c i n i t y  o f  t h e  n o t c h ,  S i g n i f i c a n t  f e a t u r e s  o f  t h e  a n a l y t i c a l  

developments  a r e  d e s c r i b e d  i n  t h e  s e c t i o n  " D e s c r i p t i o n  of  t h e  

F a i l u r e  Model," and t h e  mathemat ica l  d e t a i l s  a r e  p r e s e n t e d  i n  

Appendix A.  The a n a l y s i s  h a s  been i n c o r p o r a t e d  i n t o  a  com- 

p u t e r  program f o r  c a l c u l a t i o n  o f  damage growth and r e s i d u a l  

s t r e n g t h .  

To a s s e s s  t h e  degree  of r e a l i s m  a s s o c i a t e d  w i t h  t h e  

assumpt ions  i n  t h e  a n a l y s i s ,  t h e  c a l c u l a t e d  s t r e s s e s  have 

been compared t o  t h o s e  o b t a i n e d  from 2-D and 3-D  f i n i t e  ebe- 

ment a n a l y s e s .  These compar isons  a r e  d i sc i l s sed  i n  t h e  sec -  

t i o n  " F i n i t e  Element A n a l y s i s  of Notched Composite L a m i n a t e s , "  

An e x p e r i m e n t a l  program was conducted  t o  d e m o n s t r a t e  

t h e  f e a s i b i l i t y  o f  o b t a i n i n g  t h e  d a t a  r e q u i r e d  a s  i n p u t  t o  

t h e  a n a l y s i s .  Inadequac ies  of t h e  e x i s t i n g  d a t a  b a s e  f o r  

lamina  f a t i g u e  p r o p e r t i e s  ( a l r e a d y  no ted  d u r i n g  t h e  a n a l y s i s -  

exper iment  c o r r e l a t i o n  s t u d y  i n  r e f e r e n c e  2 )  a r e  compounded 

by t h e  need t o  i n c o r p o r a t e  c o n s i d e r a t i o n  o f  i n t e r l a m i n a r  

e f f e c t s  i n t o  t h e  f a t i g u e  a n a l y s i s ,  E x p l o r a t o r y  t e s t i n g  t o  

d e v e l o p  methods for o b t a i n i n g  l amina  p r o p e r t i e s  f r o m  s i m p l e  



Laminates i n s t e a d  ot unidirectional samples  t h e l e f o r e  h a s  been 

i n i t i a t e d  a s  f o l l o w s :  

( i)  [t45J l a m i n a t e  u n i a x i a l  compress ion/compress ion  
s 

f a t l g u e  t e s t s  have been mad-e t o  d e t e r m i n e  t h e  n a t u r e  

o f  t h e  i n t e r a c t i o n  between i n - p l a n e  s h e a r  and t r a n s -  

v e r s e  compress ion  i n  a  lamina  a n d  t o  compare t h e  

wearou t  r a t e  w i t h  t h a t  o f  a [t45] ~ ~ n i a x i a l  t e n s i o n /  s 
t e n s i o n  f a t i g u e  t e s t ;  

(ii) [Oi/90.]  l a m i n a t e  u n i a x i a l  conpress ion /compress ion  
1 s 

f a t i g u e  t e s t s  have been made t o  a s c e r t a i n  t h e  e f f e c t  

o f  t r a n s v e r  se r e s t r a i n t  (p rov ided  by t h e  90-degree 

l aminae)  on t h e  f a i l u r e  mode and t h e  wearout  r a t e  

f o r  a  u n i d i r e c t i o n a l  lamina i n  compression/  

compress ion  f a t i g u e  ; 

(iii) [ i 2 5 % / 9 0 ]  l a m i n a t e  specimens w e r e  used t o  o b t a i n  

t h e  S-N c u r v e  f o r  i n t e r l a m i n a r  normal t e n s i l e  s t r e s s ;  

and 

( i v )  P a r t i a l l y  notched C+45. / 0 . ]  l a m i n a t e s  were used 
1 3 s  

f o r  d e t e r m i n i n g  t h e  behav io r  of  i n t e r l a m i n a r  s h e a r  

s t r e s s  i n  f a t i g u e ,  

H i g h l i g h t s  of  t h e  t e s t s  and t h e i r  i m p l i c a t i o n s  i n  t h e  

l i g h t  of  t h e  a n a l y s i s  a s  extended he re i l i  a r e  d i s c u s s e d  i n  t h e  

s e c t i o n  e n t i t l e d  "Exper imenta l  Program." T h e  t e s t  specimen 

d e s i g n  i s  o u t l i n e d  i n  Appendix B. 



FAILURE MODEL FOR NOTCHED COMPOSITE UMINATES 
INCLUDING INTERLAMINAR EFFECTS 

DISCUSSION O F  PREVIOUS E\lOBEL 

The p r i o r  a n a l y s i s  ( r e f .  2 ,  see f i g .  1) was based on  two 

c o n c e p t s :  (1) F a i l u r e  i n  t h e  p r e s e n c e  o f  a  n o t c h  c a n  r e s u l t  

from c r a c k s  p r o p a g a t i n g  a l o n g  p l a n e s  o f  weakness p a r a l l e l  t o  

t h e  f i b e r s  o r  p e r p e n d i c u l a r  t o  them; ( 2 )  The notched l a m i n a t e  

may be d i v i d e d  i n t o  r e g i o n s  hav ing  s i m p l e ,  approximate  stress 

s t a t e s .  The f i r s t  of  t h e s e  c o n c e p t s  i s  u t i l i z e d  unchanged i n  

t h i s  s t u d y .  The second i s  extended t o  t a k e  i n t o  a c c o u n t  

t h r o u g h - t h e - t h i c k n e s s  e f f e c t s .  

I n  r e f e r e n c e  2 ,  t h e  l a m i n a t e  was c o n s i d e r e d  a s  a n  assem- 

b l a g e  o f  d i s c r e t e  r e g i o n s ;  namely, t h e  s t r i p  c o n t a i n i n g  t h e  

n o t c h ;  t h e  o v e r s t r e s s  r e g i o n  a d j a c e n t  t o  t h i s  s t r i p ;  t h e  i n t e r -  

m e d i a t e ,  s h e a r - o v e r s t r e s s  r e g i o n ;  and t h e  u n d i s t u r b e d  o r  ave r -  

age  s t r e s s  r e g i o n .  I n  t h e  t h i c k n e s s  d i r e c t i o n ,  t h e  l a m i n a t e  

was t r e a t e d  a s  a homogeneous m a t e r i a l ,  Consequent ly ,  t h e  p r e -  

d i c t i o n s  of  i n t e r l a m i n a r  stresses and  t h e  r e s u l t i n g  delamina-  

t i o n s  were beyond t h e  scope  of  t h e  a n a l y s i s ,  To t a k e  i n t o  

a c c o u n t  t h e  i n t e r l a m i n a r  stresses, t h e  l a m i n a t e  was c o n s i d e r e d  

h e r e i n  d i v i d e d  i n t o  laminae  i n  t h e  l o c a l  r e g i o n s  where t h e  

e f f e c t  of  i n t e r l a m i n a r  stresses i s  most pronounced. R e s u l t a n t  

changes  i n  t h e  a n a l y s i s  and i t s  f a i l u r e - p r e d i c t i o n  c a p a b i l i t y  

a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n .  

DESCRIPTION OF THE NEW F A I L U R E  MODEL 

S t a t i c  F a i l u r e  A n a l y s i s  

The s t a t i c  f a i l u r e  model,  a t  t h e  l a m i n a t e  l e v e l ,  i s  

d i v i d e d ,  a s  b e f o r e  ( r e f .  1 ) ,  i n t o  t h r e e  r e g i o n s :  ( i )  a  c e n t r a l  

c o r e  r e g i o n  which i s  t h e  p r o j e c t i o n  of  t h e  n o t c h  i n  t h e  l o a d i n g  

d i r e c t i o n ;  (ii) a n  o v e r s t r e s s e d  r e g i o n  of a v e r a g e  stress con- 

c e n t r a t i o n ,  a d j a c e n t  t o  t h e  c o r e  r e g i o n ;  and (iii) a n  a v e r a g e  

s t r e s s  r e g i o n  (fig, l ) ,  A s  mentioned i n  t h e  e a r l i e r  s e c t i o n s ,  



t h i s  r n r i r l ~ l .  adequa  tcly precl LC i : ~  t h e  g r o s s  he teroyer ieous  

bekldv-IOJ of t h e  j_am111;7?te I:? $-he o v e r s t r e s s t d  and  a v e r a g e  stress 

regions. The s t r e s s  stdte i-rl the v i e i n ~ t y  of t h e  l>o t r=h ,  though,  

i n d b c a t e s  t r re  presence of nl gh i n t e s  l a m i n a r  s t r e s s e s ,  En some 

l a m i n a t e s ,  t h e s e  i n t e r l a m i n a r  stresses arc l a r g e  enough t o  

c a u s e  a d e l a m i n a t i o n  o r  "peeling o f i "  of cne p l y  from a n o t h e r  

( r e f ,  2)- T h i s  n e c e s s i t a t e s  d i s c r e t i z a t ~ o n  of t h e  c o r e  r e g i o n  

t o  t h e  lamina l e v e l  so t h a t  i n t e r l a m i n a r  stresses may be guan- 

t i f i e d  and t h e  c o r r e s p o n d i n g  f a i l u r e  mace p r e d i c t i v e  c a p a b i l i t y  

b u i l t  i n t o  t h e  model ( f i g ,  2 ) .  

The p r e d i c t a b l e  f a i l u r e  modes i n  t h e  a n a l y s i s  comprise :  

( i )  an a x i a l  i n - p l a n e  c r a c k  xn any Layer i n  t h e  c o r e  r e g i o n ;  

(ii) an i n t e r l a m i n a r  debond between -- any  -- two - l a y e r s  i n  t h e  c o r e  

r e g i o n ;  and f i r s )  a t r a n s v e r s e  c r a c k  a c r o s s  t h e  l a m i n a t e ,  

through t h e  specimen t h i c k n e s s ,  normal. t o  t h e  l o a d i n g  d i r e c -  

t i o n .  The f a i l u r e  modes a r e  t h u s  p r e d i c t e d  a t  t h e  lamina  

l e v e l  i n  c o n t r a s t  t o  t h e  g r o s s  l a m i n a t e  f a i l u r e  modes of  t h e  

e a r l i e r  model. ( f i g .  3 ) .  

The govern ing  e q u a t i o n s  f o r  t h e  l a p m a t e s  t h a t  e x h i b i t  

t h e  above f a i k u r e  modes form f l v e  coupled  e q u a t i o n s  (Appendix 

A ) ,  The c o r e  r e g i o n  i s  assumed t o  have three d s f f e r e n t  p l i e s  

above t h e  midplane .  The mathemat ica l  c o m p l e x t t y  i n t r o d u c e d  

by t h e  a c t u a J  n o n l i n e a r  s h e a r  b e h a v i o r  of the i n d i v i d u a l  

laminae  is overcome by assuming an e l a s t i c - p e r f e c t l y  p l a s t i c  

behav io r  and an ultimate s t r a i n  c r i t e r i o n  f o r  c r a c k  i n i t i a t i o n ,  

A l t e r n a t i v e l y ,  a n  elastxc, s e c a n t  modulus b e h a v i o r  may a l s o  

be assumed, The L a t t e r  opprudch reduces  the c o m p u t a t i o n a l  

e f f o r t s  by a consauerabie a m o u C L ,  ?he words ""defect i '  and 

'"damage" are eiirr;r;;i Lo r e f t - 1  to in-plar~e and x~i te r l ami raa r  p l a s t l c  

r e g s o n s ,  and Ir1 -pa a n e  crack and iriterlaartrznar debamina t ions ,  i n  

y e n e ~ a i .  Ti"l-i.~s k S c - ~  I L t r ~ L c s  a g e n e r a l  discuss  on on both the 

e l a s t ~ e - p  Las: I : ;rpproackr. arid t h e  e l a s t a c ,  s e c a n t  modulus 

approach, T h e  governsng equations and t h e l r  s o l  u t i o n s  for 

regions L ~ Y L  tlic i~ ;n~ i - i ?a te  w1iS.h d l f  ieren-t; damage zone.; a r e  g iven 

~n Appendix A. 



The e l a s t i c  s o l u t i o n  for t h e  notched Laminate (Appendix A )  

e s t i m a t e s  t h e  maximum in -p lane  and i n t e r l a m i n a r  s h e a r  stresses 

a t  t h e  n o t c h ,  A comparison o f  t h e s e  stresses,  normal ized  w i t h  

r e s p e c t  t o  t h e  cor respond ing  y i e l d  v a l u e s ,  d e t e r m i n e s  t h e  t y p e  

and number o f  d e f e c t s  t h a t  i n i t i a t e  and grow s i m u l t a n e o u s l y  i n  

t h e  i n i t i a l  damage zone and t h e  c o r r e s p o n d i n g  magnitude o f  t h e  

l o a d .  Two o r  more d e f e c t s  t h a t  o c c u r  i n  s u c c e s s i o n  due t o  a  

s m a l l  change i n  t h e  a p p l i e d  l o a d i n g  a r e  assumed t o  i n i t i a t e  and 

grow t o g e t h e r  t o  enhance t h e  p r e d i c t i v e  c a p a b i l i t y  o f  t h e  model.  

The growth o f  t h e  i n i t i a l  damage zone i s  p r e d i c t e d  th rough  t h e  

s o l u t i o n s  t o  t h e  modi f i ed  g o v e r n i n g  e q u a t i o n s  (Appendix A ) .  

These s o l u t i o n s  a r e  compat ib le  w i t h  t h e  e l a s t i c  s o l u t i o n s  a t  

t h e  boundary of t h e  two r e g i o n s  ( f i g .  4 ) .  The normal ized  maxi- 

mum s h e a r  s t r e s s e s  and s h e a r  s t r a i n s  a t  t h e  n o t c h  a r e  computed 

f o r  e a c h  inc rement  of  t h e  f i r s t  damage zone s i z e  t o  p r e d i c t  

t h e  i n i t i a t i o n  o f  t h e  second damage zone and t h e  c o r r e s p o n d i n g  

l o a d .  

The second damage zone i n  t h e  notched l a m i n a t e  may have  

a d d i t i o n a l  i n e l a s t i c  l a y e r s  and i n t e r f a c e s ,  o r  may have a  c r a c k  

o r  debond i n  a  l a y e r  o r  i n t e r f a c e  t h a t  was i n e l a s t i c  i n  t h e  

f i r s t  damage zone.  The growth o f  t h e  second damage zone s i z e  

w i t h  t h e  a p p l i e d  l o a d i n g  i n v o l v e s  s o l u t i o n s  f o r  t h r e e  r e g i o n s  

t h a t  a r e  c o n t i n u o u s  a t  two b o u n d a r i e s  ( f i g .  4 ) .  Th i s  p r o c e d u r e  

can  be  ex tended  t o  many s u c c e s s i v e  damage zones till t h e  lam- 

i n a t e  f a i l s .  A t r a n s v e r s e  f a i l u r e  i s  marked by a  c r a c k  a c r o s s  

t h e  specimen,  th rough  t h e  t h i c k n e s s ,  normal t o  t h e  l o a d i n g  

d i r e c t i o n .  An a x i a l  f a i l u r e  i s  de te rmined  by a n  u n s t a b l e  

growth o f  a  crack/debond w i t h  t h e  a p p l i e d  l o a d i n g .  

F i g u r e  5 shows t h e  v a r i o u s  p o s s i b l e  sequences  o f  d e f e c t s  

i n  a  g e n e r a l  notched l a m i n a t e .  The b ranch ing  o f  d e f e c t s  i s  a 

s t r o n g  f u n c t i o n  of t h e  Laminate m a t e r i a l  and geomet r i c  p roper -  

t i e s ,  The s o l u t i o n s  f o r  any damage zone depend on t h e  s o l u -  

t i o n s  f o r  t h e  r e g i o n s  t h a t  preceded i t ,  Consequent ly ,  g e n e r a l -  

i z a t i o n  o f  t h e  s o l u t i o n  p r o c e d u r e  i s  v e r y  t e d i o u s  when more 



t h a n  two damage zones e x i s t  i n  t h e  l a m i n a t e .  However, t h i s  

i s  a l l e v i a t e d  by e l i m i n a t i n g  a  few damaqe sequences  t h a t  a r e  - 

u n l i k e l y  t o  o c c u r ,  I t  i s  assumed t h a t ,  b e f o r e  too many damage 

zones  a p p e a r ,  t h e  load w i l l  be l a r g e  enough t o  c a u s e  a  t r a n s -  

v e r s e  f a i l u r e  o r  one  o f  t h e  e a r l i e r  d e f e c t s  w i l l  p r e c i p i t a t e  

an a x i a l  f a i l u r e .  T h i s  i s  where t h e  s i m p l i c i t y  i n  t h e  a p p l i c a -  

t i o n  of  t h e  e l a s t i c ,  s e c a n t  modulus approach i s  o b v i o u s .  The 

e l i m i n a t i o n  of  t h e  i n e l a s t i c  r e g i o n s  l e a v e s  o n l y  c r a c k s  and 

d e l a m i n a t i o n s  t o  b e  accounted  f o r .  

I n  many l a m i n a t e  c o n s t r u c t i o n s ,  a  d e g e n e r a t e  r e g i o n  i s  

c r e a t e d  whenever t h e  a p p l i e d  l o a d i n g  r e a c h e s  a  c r i t i c a l  v a l u e .  

Degeneracy s e t s  i n  when one  o r  more l a y e r s  i n  t h e  c o r e  r e g i o n  

a r e  surrounded by s t r e s s - f r e e  s u r f a c e s  and/or  i n e l a s t i c  s u r -  

f a c e s ,  I n  t h e  e l a s t i c - p l a s t i c  approach ,  one o r  more d e g e n e r a t e  

l a y e r s  have a  l i n e a r  v a r i a t i o n  o f  a x i a l  s t r a i n  i n  t h e  d e g e n e r a t e  

r e g i o n .  The d e g e n e r a t e  l a y e r s  i n  t h e  e l a s t i c ,  s e c a n t  modulus 

approach  a r e  s t r e s s  f r e e  and a r e  e s s e n t i a l l y  " c a r r i e d "  by 

a d j a c e n t  l o a d - c a r r y i n g  r e g i o n s ,  I n  a  d e g e n e r a t e  r e g i o n ,  t h e  

s o l u t i o n s  f o r  t h e  d e g e n e r a t e  l a y e r s  a r e  uncoupled from t h e  

f i v e  b a s i c  govern ing  e q u a t i o n s .  The s o l u t i o n s  change f o r  d i f -  

f e r e n t  t y p e s  of  d e g e n e r a c i e s  (Appendix A ) .  Hence, i f  a l l  t y p e s  

of l a m i n a t e  b e h a v i o r  a r e  t o  be  i n c l u d e d  i n  t h e  s o l u t i o n  pro-  

c e d u r e ,  programming o f  t h e  s o l u t i o n  becomes t e d i o u s .  

F a t i g u e  F a i l u r e  A n a l y s i s  

A " m e c h a n i s t i c  w e a r o u t ' b o n c e p t  used i n  e a r l i e r  s t u d i e s  

( r e f .  2 )  u n d e r l i n e s  t h e  b a s i c  ph i losophy  of t h e  l a m i n a t e  

f a t i g u e  b e h a v i o r ,  On f a t i g u e  Loading,  m a t e r i a l  p r o p e r t y  degra-  

d a t i o n  i s  predominant i n  t h e  v i c i n i t y  of  t h e  n o t c h  due t o  

s t r e s s  c o n c e n t r a t i o n  e f f e c t s .  An e x p e r i m e n t a l  c h a r a c t e r i z a -  

t i o n  of  t h e  lamina f a t i g u e  d a t a  h e l p s  e s t i m a t e  t h e  degrada-  

t i o n  i n  t h e  l a m i n a t e  p r o p e r t i e s  due t o  c y c l i c  l o a d i n g .  The 

m a t e r i a l  p r o p e r t y  degrada t ion  on f a t i g u e  l o a d i n g ,  when i n c o r -  

p o r a t e d  i n t o  t h e  static f a i l u r e  model d e s c r i b e d  e n r l - i e r ,  c o u l d  

l e a d  t a  f a t i g u e  f a i l u r e  modes and s t r e n g t h s  t h a t  a r e  v e r y  

d i f f e r e n t  from t h e  s t a t i c  p r e d i c t i o n s .  



F i g u r e  6 shows a f low chart of t h e  program developed t o  

p r e d i c t  t h e  f a i l u r e  modes and s t r e n g t h s  o f  notched Laminates 

s u b j e c t e d  t o  c y c l i c  l o a d i n g .  

D I S C U S S  I O N  O F  R E S U L T S  

The approx imate  f a i l u r e  a n a l y s i s  f o r  notched l a m i n a t e s  

wnich c o n s i d e r s  t h e  e f f e c t s  o f  i n t e r l a m i n a r  s t r e s s e s  was 

u t i l i z e d  t o  i n v e s t i g a t e  t h e  damage growth i n  same T-300/520& 

l a m i n a t e s .  T a b l e  l l i s t s  t h e  v a r i o u s  d a t a  sets  u t i l i z e d  i n  

t h e  f a i l u r e  a n a l y s i s ,  The t r i a l  d a t a  a r e  used t o  i l l u s t r a t e  

t h e  e x t e n t  o f  t h e  p r e d i c t i v e  c a p a b i l i t y  o f  t h e  a n a l y s i s  when 

Laminate f a i l u r e  i n  t h e  t r a n s v e r s e  d i r e c t i o n  i s  p r e v e n t e d .  

T a b l e s  2 and 3 i n d i c a t e  t h e  r e s u l t s  o f  t h e  a n a l y s i s  f o r  

T-3OO/fi208 [02/'-45/5] and ["5/02/6] l a m i n a t e s ,  r e s p e c t i v e l y ,  s 
f o r  d i f f e r e n t  v a l u e s  o f  i n t e r l a m i n a r  boundary l a y e r  zone s i z e  

"d" and t h e  t r i a l  d a t a ,  I n  t h e  t a b l e ,  t h e  d i s t a n c e  "d" i s  

t h e  i n t e r l a m i n a r  boundary l a y e r  r e g i o n  which assumes two 

v a l u e s :  ( i)  h a l f  t h e  lamina t h i c k n e s s  ( t y p i c a l  f o r   oro on/ 
epoxy); and (ii) o n e - t e n t h  t h e  lamina  t h i c k n e s s  ( t y p i c a l  f o r  

G r a p h i t e / e p o x y ) .  F i g u r e  7 shows a t y p i c a l  v a r i a t i o n  of  t h e  

i n - p l a n e  d i s p l a c e m e n t  a s  o b t a i n e d  i n  r e f e r e n c e  4, The f i g u r e  

e x p l a i n s  t h e  meaning o f  t h e  pa ramete r  "d" .  I n  t h e  p r e s e n t  

a n a l y s i s ,  t.he a x i a l  d i s p l a c e m e n t s  i n  t h e  v a r i o u s  l a y e r s  a r e  

p i e c e w i s e  un i fo rm,  and hence ,  d i s c o n t i n u o u s  a t  t h e  i n t e r f a c e s .  

The r a t i o  of  t h e  d i s p l a c e m e n t  d i s c o n t i n u i t y  t o  "d"  - t h e  t r a n s -  

v e r s e  s h e a r  s t r a i n  - shou ld  match t h e  s l o p e  06 t h e  c o n t i n u o u s  

d i sp lace raen t  c u r v e  a t  t h e  i n t e r f a c e  o b t a i n e d  from a  h i g h e r  

o r d e r  a n a l y s i s .  For  t h e  [ 0 ~ / ' - 4 5 / 6 ] ~  l a m i n a t e ,  t h e  i n - p l a n e  

p l a s t i c  zone i s  i n i t i a t e d  a l m o s t  s imul taneous&y i n  t h e  0  and 2 
6 laminae  ( a  > O ) ,  Also,  t h e  n e x t  damage zone - a  p l a s t i c  

xyl,I?. 
zone - a p p e a r s  i n  t h e  +45 laminae  (a, > O )  because  t h e  i n t e r -  

xv2 - 
l aminar  siaear s t r e s s  (T 

x z l 2  
) is n o t  l a r g e  enough t o  form an 

in ter la lLi inar  i n e l a s t i c  r e g i o n ,  Thus,  t h e  approx imat ion  t h a t  

t h e  axial, i n - p l a n e  p l a s t i c  zone grows un i fo rmly  through- the-  

t h i c k n e s s  ( r e f ,  3 )  may reflect t h e  a c t u a l  behav io r  far t h i s  

Laminate, A f t e r  b o t h  t h e  p l a s t i c  zones have grown o v e r  a  



c e r t a i n  d i s t a n c e ,  an  i n - p l a n e  c r a c k  i s  ~ n l t i a t e d  sn the 
O2,  

and 5 l a y e r s .  No te ,  however ,  t h a t  t h e  i n t e r l a m i n a r  s h e a r  

stresses a r e  h i g h  and  may e v e n t u a l l y  g i v e  r i s e  t o  a de l amina -  

t i o n .  I n  t a b l e s  2 a n d  3 ,  t h e  r e s u l t s  f o r  t h e  [ O 2 / r 4 5 / G ]  

l a m i n a t e  a r e  e s s e n t i a l l y  t h e  s a n e  a s  f o r  t h e  [ i 4 5 / o 2 / 5 l s  

l a m i n a t e  e x c e p t  t h a t  t h e  magn i tude  o f  t h e  i n t e r l a m i n a r  s h e a r  

stress ( T  xz12 ) i s  i n c r e a s e d  by a b o u t  25%- 

An i m p o r t a n t  c o n c l u s i o n  which c a n  b e  drawn f rom t h e  above  

r e s u l t s  i s  t h a t  t h e  number o f  c o m b i n a t i o n s  o f  d i f f e r e n t  damage 

z o n e s  ( i n e l a s t i c  r e g i o n s  a s  w e l l  as c r a c k s )  i s  l a r g e  ( f i g .  5 ) .  

The f a c t o r s  which a f f e c t  t h i s  number are  t h e  m a t e r i a l  p r o p e r -  

t i es ,  s t a c k i n g  s e q u e n c e ,  a n d  n o t c h  s i z e .  An au toma ted  numer- 

i c a l  scheme t o  " t r a c k "  t h e  v a r i o u s  p o s s i b l e  danage  g rowth  

c o m b i n a t i o n s  i s  a t e d i o u s  t a s k .  A l s o ,  t h e  s o l u t i o n  p r o c e d u r e  

expands  w i t h  t h e  i n i t i a t i o n  o f  p l a s t i c  z o n e s .  Thus t h e  a n a l y -  

s is  i s  f u r t h e r  c o m p l i c a t e d .  C o n s e q u e n t l y ,  t h e  a n a l y t i c a l  

p r o c e d u r e  was m o d i f i e d  t o  e l i m i n a t e  t h e  need  t o  c o n s i d e r  

p l a s t i c  z o n e s  by c o n s i d e r i n g  l i n e a r  a p p r o x i m a t i o n s  o f  t h e  

n o n l i n e a r  i n - p l a n e  a n d  i n t e r l a r r d n a r  s h e a r  s t r e s s - s t r a i n  c u r v e s  

a s  shown i n  f i g u r e  8 .  Such a n  a n a l y s i s  would ,  however ,  s t i l l  

c o n s i d e r  t h e  g rowth  o f  i n - p l a n e  s h e a r  c r a c k s  a n d  i n t e r l a m i n a r  

debonds ,  b u t  t h e  number o f  c o m b i n a t i o n s  of t h e  d i f f e r e n t  

damage z o n e s  i s  d r a s t i c a l l y  r e d u c e d ,  The v a r i o u s  damage growth  

c o m b i n a t i o n s  a r e  i l l u s t r a t e d  i n  f i g u r e  5 ,  

F i g u r e s  9  and 1 0  i l l u s t r a t e  t h e  p r o g r e s s i v e  damage g rowth  

f o r  [ 0 ~ / i 4 5 / 6 ]  and  [ 0 / ~ 4 5 / 9 0 ]  T-300/5208 G r a p h i t e / e p o x y  

l a m i n a t e s ,  r e s p e c t i v e l y ,  based  o n  t h e  t r i a l  d a t a  i n  t a b l e  I ,  

The f o r c e  r e p r e s e n t s  t h e  a p p l i e d  l a m i n a t e  f o r c e  and  'Q '" 
i n d i c a t e s  t h e  c u m u l a t i v e  sum o f  t h e  damage z o n e s ,  I n  f i g u r e  

9 ,  two i n e l a s t i c  i n - p l a n e  a x i a l  damage z o n e s  a r e  p r e d i c t e d  

b e f o r e  a n  a x i a l  c r a c k  i n  t h e  0 "  l a y e r s  a p p e a r s ,  F i g u r e  LO 

i l l u s t r a t e s  a s i m i l a r  p a t t e r n  o f  danage  g r o w t h ,  e x c e p t  t h a t  

no i n - p l a n e  c r a c k  o c c u r s  i n  t h e  90' l a y e r  a n d  a n  i n t e r l a m i n a r  

i - n e l a s t i c  zone i s  i n i t i a t e d  a t  a  h i g h e r  v a l u e  o f  t h e  a p p l i e d  

f o r c e ,  F i g u r e  ll shows t h e  e f f e c t  of  n o t c h  s i z e  on  t h e  damage 



growth i n  a  [ i 4 5 / 0 / 0 I s  l a m i n a t e  f o r  t h e  t r i a l  d a t a  i n p u t .  The 

[+45/0/0Is  n o t a t i o n  i s  used f o r  a  [+45/O2Is l a m i n a t e ,  which 

i s  t r e a t e d  by t h e  a n a l y s i s  a s  a. " i 4 5 "  l a y e r "  and  two 0' l a y e r s .  

I f  t h e  + 4 5  l a y u p  i s  t r e a t e d  a s  two l a y e r s  ( a  +45 l a y e r  and 

a  -45 l a y e r )  i n  t h e  a n a l y s i s ,  t h e  P o i s s o n  e f f e c t  c a u s i n g  an 

i n c r e a s e  i n  t h e  s h e a r  modulus w i l l  n o t  b e  accoun ted  f o r .  

F i g u r e s  9 t o  11 show t h e  c a p a b i l i t y  o f  t h e  approximate  a n a l y s i s  

p rocedure  t o  p r e d i c t  damage r e g i o n s  on a  lamina  l e v e l .  How- 

e v e r ,  a s  h a s  been n o t e d  e a r l i e r ,  t h e  a n a l y s i s  i s  n o t  c a p a b l e  

of  p r e d i c t i n g  a l l  combina t ions  o f  damage growth because  o f  a  

s i g n i f i c a n t  i n c r e a s e  i n  t h e  complex i ty  o f  t h e  computa t ion  

p rocedure .  

The v a r i a t i o n  o f  f a i l u r e  l o a d  w i t h  n o t c h  s i z e  i s  s t u d i e d  

i n  f i g u r e  1 2  f o r  a  [ i45/0 /0Is  l a m i n a t e  f o r  t h e  a c t u a l  d a t a  

i n p u t .  The f o l l o w i n g  c o n c l u s i o n s  c a n  b e  drawn from t h e  f i g u r e :  

( i)  Damage zone s i z e  i n c r e a s e s  w i t h  i n c r e a s e  i n  n o t c h  

s i z e .  

(ii) In-p lane  damage o c c u r s  o n l y  i n  t h e  0' l a y e r s .  

(iii) Laminate f a i l s  by t r a n s v e r s e  c r a c k  p r o p a g a t i o n .  

( i v )  A t  f a i l u r e ,  t h e  maximum i n - p l a n e  s h e a r  stress i n  

t h e  +45 laminae  i s  h i g h e r  f o r  l a r g e r  n o t c h  s i z e s  

t h a n  t h a t  f o r  s m a l l e r  n o t c h  s i z e s ,  t h u s  i n d i c a t i n g  

t h e  i n c r e a s e d  p r o b a b i l i t y  of  t h r o u g h - t h e - t h i c k n e s s  

a x i a l  c r a c k  p r o p a g a t i o n  f o r  l a r g e r  no tch  s i z e s .  

( v )  The t r a n s v e r s e  f a i l u r e  v a l u e s  p r e d i c t e d  by t h e  

s e c a n t  modulus approach a r e  c l o s e  t o  t h o s e  p r e d i c -  

t e d  by t h e  e l a s t i c - p l a s t i c  a n a l y s i s .  

F i g u r e  1 3  i l l u s t r a t e s  t h e  r e s u l t s  f o r  a  [0 /0 / i45Is  

l a m i n a t e  w i t h  t h e  a l l o w a b l e  i n t e r l a m i n a r  s h e a r  s t r e s s  v a l u e  

reduced t o  a c c o u n t  f o r  t h e  p r e s e n c e  o f  i n t e r l a m i n a r  normal 

t e n s i o n  stress a t  t h e  0/+45 i n t e r f a c e .  The obvious  r e s u l t  

i s  t h e  i n i t i a t i o n  o f  a n  i n t e r l a m i n a r  i n e l a s t i c  zone fo l lowed  

by i n - p l a n e  p l a s t i c i t y  i n  t h e  0' l a y e r s .  



I n  f i g u r e  14 t h e  resfits f o r  a  [0/+45/9OIs l a m i n a t e  f o r  

d i f f e r e n t  no tch  s i z e s  a r e  shown f o r  t h e  a c t u a l  d a t a ,  S i n c e  

t h i s  l a m i n a t e  i s  more i s o t r o p i c  t h a n  t h e  [O /i45b l a m i n a t e ,  2 
t h e  i n e l a s t i c  damage zones  a r e  s m a l l e r .  Also ,  f a i l u r e  o c c u r s  

by t r a n s v e r s e  c r a c k  p r o p a g a t i o n .  

F i g u r e  1 4  i s  a n  i l l u s t r a t i o n  o f  t h e  p r e d i c t i v e  c a p a b i l i t y  

o f  t h e  s e c a n t  modulus a n a l y s i s .  A s  shown i n  t h e  p r e v i o u s  

f i g u r e ,  t h e  [O/*45/90Is l a m i n a t e  f a i l s  i n  t h e  t r a n s v e r s e  

d i r e c t i o n  b e f o r e  any c r a c k  a p p e a r s  when t h e  s e c a n t  modulus 

approach was used .  I n  f i g u r e  1 5 ,  t h e  damages a r e  made t o  

grow by p r e v e n t i n g  a  t r a n s v e r s e  f a i l u r e .  Tab le  4 shows t h e  

e f f e c t  o f  t h e  i n t e r l a m i n a r  boundary l a y e r  t h i c k n e s s  on t h e  

damage growth f o r  t h e  same l a m i n a t e .  

F i g u r e  16 i l l u s t r a t e s  a n  i n t e r e s t i n g  i n t e r l a m i n a r  damage 

growth i n  a  E0/0/+451 l a m i n a t e  f o r  a  reduced v a l u e  of i n t e r -  s 
l aminar  stress t h a t  c a u s e s  d e l a m i n a t i o n .  The r e d u c t i o n  

a c c o u n t s  f o r  t h e  e f f e c t  o f  i n t e r l a m i n a r  normal t e n s i l e  stress. 

A h i g h  v a l u e  o f  0 t h e  a p p l i e d  stress a t  which t r a n s v e r s e  
T '  

f a i l u r e  o c c u r s ,  i s  chosen t o  p r e v e n t  t h a t  f a i l u r e  mode. I t  

i s  s e e n  t h a t  t h e  d e l a m i n a t i o n  t h a t  i n i t i a k e s  a t  t h e  0/245 

i n t e r f a c e  grows i n  a n  u n s t a b l e  f a s h i o n  t o  f a i l u r e .  The 0' 

plies t h u s  s e p a r a t e  away from t h e  t 4 5  p l i e s  i n  t h e  no tch  

r e g i o n .  T h i s  r e s u l t  was obse rved  e x p e r i m e n t a l l y  ( f i g .  1 7 )  

i n  t h e  f i r s t  phase  o f  t h e  program ( r e f .  2 ) .  T h i s  q u a l i t a t i v e  

agreement  between t h e  f a i l u r e  p r e d i c t i o n  o f  t h e  a n a l y t i c a l  

model and t h e  e x p e r i m e n t a l  o b s e r v a t i o n  j u s t i f i e s  t h e  approach 

t a k e n  i n  b u i l d i n g  t h e  model. 

I n  t h e  r e s u l t s  d i s c u s s e d  above,  t h e  u l t i m a t e  f a i l u r e  

s tress f o r  t h e  +45 l a m i n a t e  h a s  been o b t a i n e d  from " n e t t i n g  

a n a l y s i s . "  The n e t t i n g  a n a l y s i s  p r e d i c t i o n s  may be s i g -  

n i f i c a n t l y  h i g h e r  t h a n  f i r s t - p l y  f a i l u r e  p r e d i c t i o n s  because  

f i b e r  f a i l u r e  w i t h i n  a  p l y  i s  r e q u i r e d  i n  ' b e t t i n g  a n a l y s i s . "  

Also ,  a  t h r o u g h - t h e - t h i c k n e s s  a x i a l  c r a c k  c a n n o t  p r o p a g a t e  

i n  a  + 4 5  l a m i n a t e  u n l e s s  t h e  f i b e r s  f a i l .  Laminate f a i l u r e  

s tress c o r r e s p o n d i n g  t o  t h e  f r a c t u r e  o f  2 4 5  l a y e r  f i b e r s  i s  



synonymous t o  t h e  n e t t i n g  a n a l y s i s  f a i l u r e  s t r e s s ,  Hence, t h e  

upper-beund p r e d i c t i o n s  o f  t h e  n e t t i n g  a n a l y s i s  may be r e a - l i s -  

t i c  when c o n s i d e r i n g  t h e  i n c i p i e n t  c o n d i t i o n s  r e q u i r e d  f o r  

t h e  i n i t i a t i o n  and growth o f  t h r o u g h - t h e - t h i c k n e s s  a x i a l  c ra-cks .  



F I N I T E  ELEMENT ANALYSIS OF 
FOY-~-WOS m TE LA! i INATZS 

The f a i l u r e  p r e d i c t i v e  c a p a b i l i t y  o f  the a n a l y t i c a l  model 

wds based on a  few s i m p l i f y i n g  a s s u m p t i a n s ,  J u s t i f i c a t i o n  of 

t h e s e  assumpt ions  i s  e s s e n t i a l  t o  ex tend  t h e  model a p p l i c a t i - o n  

t o  any g e n e r a l  l a m i n a t e ,  

A t h r e e - d i m e n s i o n a l  f i n i t e  e l ement  a n a l y s i s  was c a r r i e d  

o u t  t o  p r e d i c t  t h e  i n - p l a n e  and i n t e r l a m i n a r  stresses i n  a  

no tched  l a m i n a t e .  The p r imary  o b j e c t i v e s  of  t h e  3 - D  f i n i t e  

e l ement  a n a l y s i s  w e r e  ( i) t o  s u b s t a n t i a t e  t h e  assumpt ions  

made i n  t h e  approx imate  model and (ii) t o  p r o v i d e  gu idance  

f o r  any m o d i f i c a t i o n .  T h i s  e l a s t i c  a n a l y s i s  aimed a t  e s t a b -  

l i s h i n g  a  q u a l i t a t i v e  agreement  w i t h  t h e  model stress p r e -  

d i c t i o n s ,  and a l s o  e s t a b l i s h i n g  t h e  predominance o f  t h e  a x i a l  

normal and i n t e r l a m i n a r  s h e a r  s t r e s s e s  o v e r  t h e  o t h e r  s t r e s s e s ,  

A t w o - d i m e n s i ~ n a l ~ e l a s t i c - p e r f e c t l y  p l a s t i c  f i n i t e  e l ement  

a n a l y s i s  was c a r r i e d  o u t  t o  v e r i f y  t h e  i n e l a s t i c  damage growth 

p r e d i c t i o n s  of  t h e  a n a l y t i c a l  model f o r  v a r i o u s  no tched  

l a m i n a t e s .  

THREE-DIMENSIONAL ELASTIC ANALYSIS 

The p r e s e n t  a n a l y t i c a l  modeling ph i losophy  c o n s i d e r s  t h e  

p h y s i c s  o f  t h e  problem w i t h o u t  a c c o u n t i n g  f o r  t h e  d e t a i l e d  

stress d i s t r i b u t i o n .  Thus, o n l y  t h o s e  stress f i e l d s  (and t h e  

a p p r o p r i a t e  e q u a t i o n s  o f  e q u i l i b r i u m )  a r e  c o n s i d e r e d  which 

have a  predominant  e f f e c t  on t h e  obse rved  f a i l u r e  modes, The 

d r i v i n g  f o r c e  f o r  t h i s  approximate  approach h a s  been t h e  com- 

p l e x i t y  of t h e  t h r e e - d i m e n s i o n a l  n o n l i n e a r  s t ress  a n a l y s i s  and 

t h e  a s s o c i a t s d  f a i l u r e  p r e d i c t i o n ,  However, t h e  u s e  o f  s i m p l i -  

f i e d  models (which n e g l e c t  t h e  e f f e c t s  of  some s t r e s s  f i e l d s )  

can be j u s t i f i e d  o n l y  ~f t h e r e  e x i s t s  q u a l i t a t ~ v e ,  and t o  a  

l i m i t e d  e x t e n t ,  q u a n t i t a t i v e  c o r r e l a t i o n  w i t h  t h e  more e x a c t  

stress a n a l y s e s .  To t h a t  end,  a th ree -d imens iona l  f i n i t e  

e l ement  a n l a y s i s  of notched l a m i n a t e s  w a s  carried o u t  t o  check 

t h e  assumpt ions  made i n  the approximate  s t r e s s  a n a l y s i s  pro-  

c e d u r e ,  



The computer  code S A P - I V  was used t o  c a r r y  o u t  t h e  f i n i t e  

e l e m e n t  a n a l y s i s  ( r e f .  5 ) ,  An o c t a n t  of t h e  no tched  l a m i n a t e  . 

was c o n s i d e r e d  and each l a y e r  above t h e  r e f e r e n c e  midplane 

was d i s c r e t i z e d  i n t o  t h e  mesh form shown i n  f i g u r e  1 8 .  A 

minimum o f  e i g h t  and a  maximum o f  twenty-one nodes  w e r e  chosen 

t o  d e s c r i b e  t h e  g e n e r a l  t h r e e - d i m e n s i o n a l  i s o p a r a m e t r i c  e l e -  

ment used  i n  t h e  a n a l y s i s .  The e lement  was used  t o  r e p r e s e n t  

o r t h o t r o p i c ,  e l a s t i c  media. Laminate a n a l y s i s  was used t o  

a p p l y  t h e  a p p r o p r i a t e  l o a d s  i n  e a c h  l a y e r  s o  t h a t  a  f a r - f i e l d  

un i fo rm s t r a i n  s t a t e  e x i s t e d  i n  t h e  l a m i n a t e .  

I n  f i g u r e  1 9 ,  o o b t a i n e d  from t h e  approx imate  a n a l y s i s ,  
Yz 

a t  t h e  O/t45 i n t e r f a c e ,  i s  compared w i t h  t h e  a v a r i a t i o n  
Y Z  

from t h e  3-D f i n i t e  e lement  a n a l y s i s  ( t h e  a v e r a g e  v a l u e  a t  

t h e  f a c e  c e n t r o i d s ) .  The comparison i s  made a t  two a x i a l  

l o c a t i o n s .  A s  shown i n  f i g u r e  1 9 ,  t h e  a v e r a g e  stresses from 

t h e  approximate  a n a l y s i s  compare q u a l i t a t i v e l y  w i t h  t h e  3-D 

f i n i t e  e lement  r e s u l t s .  

F i g u r e  20 shows t h e  a x i a l  normal stress v a r i a t i o n  i n  t h e  

l o a d - c a r r y i n g  d i r e c t i o n  a g r e e i n g  q u a l i t a t i v e l y  w i t h  t h e  a n a l y t i -  

c a l  p r e d i c t i o n .  F i g u r e  2 1  shows t h e  v a r i a t i o n  o f  t h e  same 

stress, o 
Y Y '  

i n  t h e  e l e m e n t s  j u s t  above t h e  x  a x i s .  A com- 

p a r i s o n  w i t h  t h e  a p p l i e d  stress i n  e a c h  l a y e r  ( f i g .  1 8 )  g i v e s  

a  measure o f  t h e  stress c o n c e n t r a t i o n  i n  e a c h  o f  t h e  t h r e e  

l a y e r s  o f  t h e  [0/+45/-45Is l a m i n a t e .  These stress c o n c e n t r a -  

t i o n  v a l u e s  show good agreement  w i t h  t h e  v a l u e  p r e d i c t e d  by 

t h e  a n a l y t i c a l  model. 

The number o f  i n t e g r a t i o n  p o i n t s  t o  b e  used  i n  t h e  numeri- 

c a l  e v a l u a t i o n  o f  i n t e g r a l s  o v e r  volumes i s  r e f e r r e d  t o  a s  t h e  

i n t e g r a t i o n  o r d e r  i n  S A P - I V .  D i f f e r e n t  o r d e r s  o f  i n t e g r a t i o n  

may b e  chosen i n  t h e  p l a n e  o f  t h e  e lement  and t h r o u g h  i t s  

t h i c k n e s s .  The o r d e r s  of  i n t e g r a t i o n  chosen i n  t h e  f i n i t e  

e l ement  a n a l y s i s  a f f e c t  t h e  c o s t  o f  t h e  run  and  t h e  magnitude 

of t h e  r e s u l t s .  F i g u r e s  22 and 23 show t h a t  f o r  two d i f f e r e n t  

o r d e r s  of i n t e g r a t i o n  ( 2  and 4 ) ,  t h e  a v a r i a t i o n s  w i t h  y a t  
Y Z  

t h e  0/45 i n t e r f a c e  f o r  a  [0/*45/-451 l a m i n a t e  have good q u a l i -  s 
t a t i v e  agreement  a l o n g  w i t h  a  q u a n t i t a t i v e  d i f f e r e n c e .  



The approximate  a n a l y s i s ,  dxscussed  i n  t h e  p r e v i o u s  chap- 

t e r ,  t r e a t s  n o t c h e s  o f  any geometry as e q u i v a l e n t  s l i t  n o t c h e s  

s i n c e  t h e  n ~ t c h e d  streng-CE-1 for composi te  larnjazates i s  n o t  

s t r o n g l y  dependent  on t h e  notel l  shape ( r e f ,  3 ) -  The 3 - D  

f i n i t e  e l ement  a n a l y s i s  was used t o  v e r i f y  t h i s ,  F i g u r e  2 4  

compares t h e  s h e a r  s t r e s s  v a r i a t i o n s  f o r  a  c i r c u l a r  h o l e  and 

a  s l i t  n o t c h  of  t h e  same w i d t h  a t  t h e  +45 / -45  i n t e r f a c e  of  

t h e  [0/?45/-45Is l a m i n a t e .  The r e s u l t s  show a s l i g h t  d i f f e r -  

ence  o n l y  i n  t h e  v i c i n i t y  o f  t h e  n o t c h ,  j u s t i f y i n g  t h e  n o t c h  

geometry assumpt ion  i n  t h e  s i m p l i f i e d  a n a l y t i c a l  model,  

The 3-D  f i n i t e  e l e m e n t  r e s u l t s  i n d i c a t e  t h a t  t h e  v a r i a t i o n  

o f  i n - p l a n e  s t r e s s e s  ( o  and o ) j u s t i f i e s  t h e  assumpt ion  
YY XY 

of  a n  a v e r a g e  s t r e s s  c o n c e n t r a t i o n  r e g i o n  and a  l o c a l i z e d  

r e g i o n  o f  s h e a r  s t r e s s  t r a n s f e r ,  The f i n i t e  e l ement  s o l u t i o n s  

a l s o  j u s t i f y  t h e  approximate  a n a l y s i s  assumpt ion  o f  a  un i fo rm 

v a l u e  o f  o ( independen t  of  t h e  x - c o o r d i n a t e  b u t  a  f u n c t i o n  
YZ 

of  t h e  y - c o o r d i n a t e )  i n  t h e  notched r e g i o n  and a  z e r o  v a l u e  

i n  t h e  o t h e r  r e g i o n s  o f  t h e  l a m i n a t e ,  The non-zero v a l u e  of 

o pred ic ted .  by t h e  3 - D  f i n i t e  e l ement  a n a l y s i s  i n  t h e  r e g i o n  
Y Z  

away from t h e  no tch  i s  of  l i t t l e  s i g n i f i c a n c e  because  it does  

n o t  c o n t r i b u t e  t o  t h e  p r e c i p i t a t i o n  o f  f a i l u r e .  

2-D ELASTIC-PLASTIC F I N I T E  ELEMENT ANALYSIS 

A s  a n  a d d i t i o n a l  t a s k  conducted  d u r i n g  t h e  p r e s e n t  s t u d y ,  

a  2-D e l a s t i c - p l a s t i c  f i n i t e  e l ement  a n a l y s i s  was performed 

f o r  some notched Laminates ,  Because of t h e  consideration of  

e l a s t i c - p e r f e c t l y  p l a s t i c  b e h a v i o r  i n  s h e a r  i n  t h e  b a s i c  

f r a c t u r e  model,  t h e  e l a s t i c - p l c i s t i c  f i n i t e  e l ement  a n a l y s i s  

was used t o  i n v e s t i g a t e  the damage growth and  s t r e s s  d i s t r i b u -  

t i o n  n e a r  t h e  no tch  and t o  a s c e r t a i n  t h e  e f f e c t  of  Laminate 

a n i s o t r o p y  on damage p r o p a g a t i o n ,  The PLANE i r n i t e  e lement  

program (developed at Grurman, r e f ,  6 )  was used f o r  t h i s  

purpose .  

F i g u r e  25 s l l u s t r a t e s  t h e  f s n i t e  e lement  mesh and t h e  

l o a d i n g  f o r  a Laminate c o n t n i n r n g  a s l a t  notch, I n p u t  v a l u e s  



o f  moduli  and s t r e n g t h  ( r e f ,  7 )  f o r  v a r i o u s  l a m i n a t e s  a r e  shown 

i n  t a b l e  5 .  Note t h a t  t h e  f a i l u r e  s t r e s s e s  s a t i s f y  t h e  s t a b i l -  

i t y  c o n d i t i o n  f o r  t h e  H i l l ' s  y i e l d  c r i t e r i o n  ( r e f .  8 )  . R e s u l t s  

o f  t h e  f i n i t e  e l ement  a n a l y s i s  a r e  p r e s e n t e d  f o r  a  [0/+45] 
S 

l a m i n a t e  i n  f i g u r e s  26 and 27. The n o t c h  b l u n t i n g  e f f e c t  due 

t o  p l a s t i c i t y  i s  e v i d e n t  i n  b o t h  t h e  f i g u r e s .  The f i g u r e s  a l s o  

show t h e  change i n  t h e  n o t c h  b l u n t i n g  e f f e c t  on v a r y i n g  t h e  

a p p l i e d  l o a d .  S u b s e q u e n t l y ,  t h e  p l a s t i c  r e g i o n  growth i s  i n v e s -  

t i g a t e d  f o r  l a m i n a t e s  w i t h  v a r i o u s  a n i s o t r o p i e s .  The c r i t i c a l  

v a l u e  o f  t h e  l o a d s  ( a  m u l t i p l e  f o r  t h e  a p p l i e d  l o a d  v e c t o r s )  a t  

which p l a s t i c i t y  i s  i n i t i a t e d  f o r  t h e  101 , [0/90] and [02/+45] 

T-300/5208 l a m i n a t e s  i s  t a b u l a t e d  i n  t a b l e  6 .  A s  e x p e c t e d ,  

t h e  l o a d  i s  lower  f o r  t h e  [O] and [0 /90Is  l a m i n a t e s .  I n  

f i g u r e s  28 t h r o u g h  30 a r e  shown t h e  e l e m e n t s  which have y i e l d e d  

f o r  a l l  t h e  t h r e e  l a m i n a t e s  f o r  s i m i l a r  l o a d  l eve ls .  I t  i s  

e v i d e n t  t h a t  t h e  y i e l d  zones a r e  most  prominent  f o r  t h e  [0/901s 

and [O] l a m i n a t e s ,  i n  t h a t  o r d e r .  However, i t  h a s  been ob- 

s e r v e d  i n  e x p e r i m e n t s  w i t h  Boron/epoxy l a m i n a t e s  t h a t  t h e  

a x i a l  i n e l a s t i c  damage zone i s  more pronounced i n  t h e  [O] 

l a m i n a t e s  t h a n  i n  t h e  [0/90] l a m i n a t e  ( r e f .  9)  . T h i s  i s  

a l s o  p r e d i c t e d  by t h e  s t a t i c  f a i l u r e  model,  when t h e  e f f e c -  

t i v e  i n - p l a n e  s h e a r  modulus i s  modi f i ed  f o r  l a m i n a t e s  c o n t a i n -  

i n g  90° l a y e r s  i n  o r d e r  t o  r e f l e c t  t h e  l o c a l  bending e f f e c t s  

o f  90° f i b e r s  i n  t h e  v i c i n i t y  o f  t h e  n o t c h  ( r e f .  3 ) .  The 2-D 

f i n i t e  e l ement  a n a l y s i s  d o e s  n o t  a c c o u n t  f o r  t h e s e  changes .  

Hence, it a p p e a r s  t h a t  t h e  e l a s t i c - p l a s t i c  f i n i t e  e l ement  

a n a l y s i s  i s  n o t  c a p a b l e  o f  p r e d i c t i n g  a c c u r a t e l y  t h e  growth 

of  damage zone f o r  t h e  [O] l a m i n a t e .  Table  7 shows t h e  v a r i a -  

t i o n  o f  a n  approx imate  measure of stress c o n c e n t r a t i o n  f a c t o r  

w i t h  i n c r e a s i n g  l o a d  f o r  d i f f e r e n t  l a m i n a t e s .  The stress con- 

c e n t r a t i o n  shows a  d e c r e a s e  w i t h  i n c r e a s i n g  l o a d  f o r  t h e  

[0/90],  and [O2/i45Is  l a m i n a t e ,  w h i l e ,  f o r  t h e  [O] l a m i n a t e ,  

it i n c r e a s e s .  T h i s  i n c r e a s e  i s  c o n t r a r y  t o  t h e  well-known 

no tch  b l u n t i n g  e f f e c t  when t h e r e  i s  a  growth o f  t h e  i n e l a s t i c  

r e g i o n  i n  t h e  a x i a l  d i r e c t i o n .  



EXPERIMENTAL PR8G 

T h e  e x p e r i r n ~ n t a l  f z a ~ j e s  crandr~c-ted c i t~r i  ng "rh is prcngram have 

been d e f i n e d  by t h e  o b s e r v a t i o n s  made d u r i n g  t h e  p r e v i o u s  

analysis-experimemst c o r r e l a t ~ o n  stlady and t h e  e:rpansion o f  t h e  

b a s i c  f a - i l u r e  model t o  i n c l u d e  i n t e r  l aminar  e f f e c t s ,  The 

t e s t s  a r e  o f  an  e x p l o r a t o r y  n a t u r e  and vzere performed f o r  t h e  

s p e c i f i c  purpose  of d e f i n i n g  t h e  r e q u i r e m e n t s  o f  b a s i s  d a t a  

t o  be u t i l i z e d  as i n p u t  i n  t h e  a n a l y s i s ,  

The t h r u s t  o f  t h e  e a r l i e r  e x p e r i m e n t a l  program ( r e f ,  2 )  

was t o  p r o v i d e  Boron/epoxy lamina  s t a t i e / f a t l g u e  d a t a  t o  be  

used a s  i n p u t  i n t o  t h e  f a t i g u e  a n a l y s i s  and  t o  g e n e r a t e  s t a t i c /  

f a t i g u e  d a t a  f o r  notched Boron/epoxy Laminates t o  be  u t i l i z e d  

i n  t h e  f a t i g u e  f a i l u r e  model. However, i n  t h e  p r e v i o u s  programs 

s e v e r a l  i t e m s  w e r e  n o t  i n v e s t i g a t e d .  

Consequen t ly ,  t h e r e  i s  a  need f o r  u n i a x i a l  compress ion  

f a t i g u e  d a t a ,  even f o r  a  t e n s i o n / t e n s i o n  f a t i g u e  l o a d i n g  of  a  

notched l a m i n a t e ,  To tk~akeeaad, [ O ]  coupon compress ion  tes ts  

w e r e  per formed.  However, s i n c e  f a i l u r e  i n  a  [ O ]  l o n g i t u d i n a l  

compress ion  t e s t  i s  a c c e l e r a t e d  by t h e  p r e s e n c e  o f  L o n g i t u d i n a l  

c r a c k s ,  t h e  r e s i d u a l  s t r e n g t h / s t i f f n e s s  d d t a  o h t a i n e d  may n o t  

be r e p r e s e n t a t i v e  of  a u n i d i r e c t i o n a l  b a y e n  i n  a  m u l t i - l a y e r e d  

Taminate,  because  of  t h e  absence  of  t h ~  r e s t r a i n i n g  e f f e c t  

p rov ided  by t h e  a d j a c e n t  L a y e r s ,  Hence, u t i l i z a t i o n  o f  t h e  

u n i d i r e c t i o n a l  compression d a t a  a l o n e  t o  p r e d i c t  l a m i n a t e  

f a t i g u e  r e s p o n s e  i s  q u e s t i o n a b l e ,  A l t e r a t i o n s  i n  f a i l u r e  modes 

f o r  s t a t i c  compress ion  have been obse rved  i n  r e f e r e n c e  LO on 

p r o v i d i n g  a  nominal L a t e r a l  r e i n f o r c e m e n t ,  For  t h e s e  r e a s o n s ,  

it may be i m p e r a t i v e  t o  o b t a i n  t h e  eompress lve  f a t i g u e  d a t a  

i n  the p r e s e n c e  o f  t r a n s v e r s e  r e s t r a i n t ,  Indeed ,  just a s  t h e  

(i451 specimens a re  u s e d  f o r  s h e a r  d a t a ,  a n o t h e r  s i m p l e  

l a m i n a t e  may be r e q u ~ ~ e d  for o t h e r  l a y e r  p r o p e r t ~ e s ,  FOL a x i a l  

compress ion ,  t h e  [Oi/90.] l a m i n a t e  p rov ided  a means t o  do t h i s .  
3 s 

Comparison of [Oi/90. 1 and 101 l an i ina te  compresston f a t i g u e  
3 s 

t e s t  results w i l l  I n d i c a t e  t h e  e f f e c t  s f  l a t e r a t  c o n s t r a i n t  on 

r e s i d u a l  p r o p e r t i e s ,  (Note t h a t  t h e  r e s i d u a l  p r o p e r t i e s  f o r  t h e  



0' l a y e r s  i n  t h e  COi/90 . I  specimen have t o  be  e x t r a c t e d  by 
3 

f i l t e r i n g  o u t  t h e  c o n t r i b u t i o n  o f  90° l a y e r s ) .  

Combined stress e f f e c t s  upon wearout  have n o t  been eva lu -  

a t e d  e x p e r i m e n t a l l y  and have been modeled approx imate ly  i n  

t h e  f a t i g u e  model.  Hence, i n i t i a l  a s s e s s m e n t  o f  t h e  magnitude 

of  t h i s  problem was o b t a i n e d  from compress ion  f a t i g u e  tes ts  

on ['45], l a m i n a t e s .  These r e s u l t s  can  be  compared w i t h  t h o s e  

o b t a i n e d  from t e n s i o n  f a t i g u e  tes ts  on s i m i l a r  l a m i n a t e s .  Thus 

a x i a l  i n - p l a n e  s h e a r  combined w i t h  t r a n s v e r s e  t e n s i l e  stress 

w i l l  be  compared w i t h  t h e  same s h e a r  and t r a n s v e r s e  compress ive  

stress. 

Impor tan t  p a r a m e t e r s  i n  t h e  a n a l y s i s  which c o n s i d e r s  debond 

p r o p a g a t i o n  a r e  t h e  i n t e r l a m i n a r  s t r e n g t h s  ( s h e a r  and normal 

t e n s i o n ) .  An e s t i m a t e  o f  t h e  i n t e r l a m i n a r  s h e a r  s t r e n g t h  may 

be  o b t a i n e d  from t h e  s h o r t  beam t e s t .  A l t e r n a t i v e l y ,  t h e  

i n t e r l a m i n a r  s h e a r  s t r e n g t h  was o b t a i n e d  from a  [ t45 /0 ]  lam- s 
i n a t e  w i t h  a  s l i t  ( t r a n s v e r s e  t o  t h e  f i b e r s )  i n  t h e  O 0  l a y e r s .  

Also ,  a s  s u g g e s t e d  i n  r e f e r e n c e  11, t h e  i n t e r l a m i n a r  ( a z )  

normal t e n s i o n  s t r e n g t h  was de termined by u t i l i z i n g  a  [+252/90]s  

l a m i n a t e .  The [*252/90]s  l a m i n a t e  i s  o p t i m i z e d  t o  y i e l d  a  

maximum v a l u e  o f  a  . z  
The v a r i o u s  tes ts  and t h e  specimen g e o m e t r i e s  a r e  summar- 

i z e d  i n  t a b l e  8 .  

MATERIALS FABRICATION AND QUALITY CONTROL 

F a b r i c a t i o n  o f  t h e  composi te  l a m i n a t e s  was accomplished 

w i t h  contemporary vacuum bag a u t o c l a v e  t e c h n i q u e s  w i t h  t h e  

p r o p e r  c u r e  c y c l e  a s  s u p p l i e d  by t h e  m a t e r i a l  p r o d u c e r .  I n  

o r d e r  t o  e v a l u a t e  p r o c e s s  c o n d i t i o n s  f o r  adequacy,  lamina  

c h a r a c t e r i z a t i o n  t e s t s  w e r e  performed t o  d e t e r m i n e  f i b e r  t e n -  

s i o n  and i n - p l a n e  s h e a r  p r o p e r t i e s .  These p r o p e r t i e s  a r e  

summarized i n  t a b l e  9 .  Review o f  t h e  lamina  c h a r a c t e r i z a t i o n  

t e s t s  i n d i c a t e d  t h a t  t h e  f a b r i c a t e d  T-300/5208 composi te  

possessed  an a v e r a g e  f i b e r  t e n s i l e  s t r e n g t h  o f  1668 MPa, a  

Young's modulus o f  1 4 1  GPa, and a n  i n - p l a n e  s h e a r  modulus of  

5 GPa. These p r o p e r t i e s  a r e  i n d i c a t i v e  o f  h i g h - q u a l i t y  



l amina t e  f a b r i c a t i o n  ( r e f .  4 )  and sugges t  t h a t  t h e  p roces s ing  

c o n d i t i o n s  were adequate .  

Each composite pane l  was s u b j e c t e d  t o  u l t r a s o n i c  inspec-  

t i o n  a f t e r  f a b r i c a t i o n .  I n  t h i s  way, bo th  d e f e c t s  could be 

i s o l a t e d  from t e s t  specimens. A t y p i c a l  " C "  scan of  a  32-ply 

[ + 4 5 ]  l amina t e  i s  shown i n  f i g u r e  31. The " C "  scan r e v e a l s  
S 

anomolies nea r  t h e  "raw" pane l  edges  a s s o c i a t e d  w i t h  v a r i a t i o n s  

i n  r e s i n  c o n t e n t  o r  t h i c k n e s s  due t o  edge e f f e c t s .  These 

r eg ions  o f  t h e  panel  were removed p r i o r  t o  specimen f a b r i c a -  

t i o n .  I n t e r i o r  r eg ions  a r e  r evea l ed  a s  uniform i n  bo th  th i ck -  

n e s s  and r e s i n  c o n t e n t .  

A l l  p ane l s  were f a b r i c a t e d  from a  s i n g l e  ba t ch  o f  t h e  

T-300/5208 prepreg .  The pane l s  w e r e  f a b r i c a t e d  du r ing  t h e  

i n i t i a l  phase o f  t h e  program and s t o r e d  i n  d e s s i c a n t  f o r  

f u t u r e  use .  Specimen f a b r i c a t i o n  was accomplished by f i r s t  

c u t t i n g  t h e  composite pane l  i n t o  sub lamina tes .  The sublaminate  

was then  mounted i n  a  f i x t u r e  f o r  bonding t a b s .  A f t e r  t a b s  

w e r e  bonded t o  t h e  sublaminates ,  t e s t  specimens were sawed 

t o  t h e  proper  geometry wi th  a  p r e c i s i o n  diamond saw f a c i l i t y .  

Each specimen was then  engraved f o r  i d e n t i f i c a t i o n  a s  t o  

l amina te ,  sublaminate ,  and p o s i t i o n  w i t h i n  t h e  sublaminate .  

Next, specimens were ins t rumented w i t h  e l e c t r i c a l  r e s i s t a n c e  

s t r a i n  gages and s t o r e d  f o r  subsequent  t e s t i n g .  

TEST METHODS 

The tes t  methods developed i n  t h i s  s tudy  inc lude  methods 

f o r  de t e rmina t ion  of  Q 0  compression ( cons t r a ined  and uncon- 

s t r a i n e d )  f a t i g u e  p r o p e r t i e s ,  t h e  in -p lane  shear  f a t i g u e  proper-  

t i e s  i n  t h e  presence  of a  compressive t r a n s v e r s e  s t r e s s ,  i n t e r -  

laminar shea r  f a t i g u e  p r o p e r t i e s ,  and i n t e r l a m i n a r  normal 

f a t i g u e  p r o p e r t i e s  of t h e  T-300/5208 m a t e r i a l  systems.  

The t e s t  method chosen f o r  e v a l u a t i o n  of t h e  O 0  compres- 

s i o n  and in -p lane  shea r  f a t i g u e  p r o p e r l i e s  was a  modified 



I ITRI  wedge a c t i o n  g r i p  t e s t  f i x t u r e  shown i n  f i g u r e  32 .  The 

I ITRI  c o m p r e s s i o n  f i x t u r e  c o n s i s t s  o f  wedqe a c t i o n  f r i c t i o n  

g r i p s  mounted i n  s u p p o r t  b l o c k s ,  w i t h  c o n n e c t i n g  r o d s  and  

l i n e a r  b e a r i n g s  which  y i e l d  a c o n c e n t r i c  l o a d  p a t h .  While 

t h e  I ITRI  f i x t u r e  was o r i g i n a l l y  d e s i g n e d  f o r  a  na r row t e s t  

spec imen o f  6 .35  mrn i n  w i d t h  w i t h  a n  u n s u p p o r t e d  l e n g t h  o f  

6 .35  - 1 2 . 7  i n c h e s ,  t h e  f i x t u r e  was m o d i f i e d  t o  a c c e p t  s p e c i -  

men w i d t h s  up  t o  1 9 - 0 5  mm. I n  a d d i t i o n ,  spec imen  l a t e r a l  

d e f l e c t i o n  r e s t r a i n t  was a c h i e v e d  by s p e c i a l  r o l l e r  s u p p o r t s  

a t t a c h e d  t o  t h e  wedge a c t i o n  g r i p s  a s  shown i n  f i g u r e  33. 

I n  t h e  e v a l u a t i o n  o f  O 0  c o m p r e s s i o n  s t r e n g t h  o f  t h e  

T-300/5208 c o m p o s i t e  s y s t e m ,  t h e  t e s t  spec imen geomet ry  

s t r o n g l y  i n f l u e n c e s  t e s t  r e s u l t s .  I n  a d d i t i o n  t o  u n s u p p o r t e d  

spec imen l e n g t h ,  t h e  spec imen w i d t h  was found t o  a f f e c t  com- 

p r e s s i v e  s t r e n g t h .  F o r  example ,  t h e  a v e r a g e  s t r e n g t h  f o r  a 

spec imen geomet ry  o f  1 2 . 7  mm w i d t h  and 28.575 mm u n s u p p o r t e d  

l e n g t h  was 957 MPa, w h i l e  t h e  a v e r a g e  s t r e n g t h  f o r  t h e  6 .35  

mm w i d t h  spec imen was 1134 MPa. By r e d u c i n g  t h e  u n s u p p o r t e d  

l e n g t h  o f  t h e  6 . 3 5  mrn w i d t h  spec imen t o  15 .875  rnm,the a v e r a g e  

c o m p r e s s i v e  s t r e n g t h  a c h i e v e d  was 1347 MFa w i t h  a  c o r r e s p o n d i n g  

modulus  o f  133  GPa. These  r e s u l t s  compared. f a v o r a b l y  w i t h  t h e  

t e n s i l e  p r o p e r t i e s  (1668 MPa and 1 4 1  GPa) a n d ,  t h e r e f o r e ,  t h e  

l a s t  spec imen geomet ry  was c h o s e n  f o r  f a t i g u e  t e s t i n g .  The 

t es t  s p e c i m e n ' s  u n s u p p o r t e d  l e n g t h  i s  i m p o r t a n t  i n  t h e  d e t e r -  

m i n a t i o n  o f  c o m p r e s s i v e  s t r e n g t h  due  t o  r e s t r a i n t  o f  a x i a l  

c r a c k i n g  r a t h e r  t h a n  column i n s t a b i l i t y  a b o u t  t h e  a x i s  o f  min i -  

mum moment o f  i n e r t i a ,  I n d e e d ,  t h e  f a i l u r e  mode o f  t h e  0' 

compres s ion  t e s t  spec imens  w a s  a x i a l  s p l i t t i n g  f o l l o w e d  by 

m i c r o - i n s t a b i l i t y  o f  t h e  segments  formed by t h e  a x i a l  c r a c k i n g .  

I t  would a p p e a r ,  t h e r e f o r e ,  t h a t  t h e  c o m p r e s s i v e  p r o p e r t i e s  

d e v e l o p e d  i n  t h i s  e f f o r t  a r e  u n i q u e l y  a  f u n c t i o n  o f  t h e  t e s t  

spec imen geomet ry ,  The a c t u a l  c o m p r e s s i v e  s t r e n g t h  o f  t h e  

c o m p o s i t e  spec imen i s  bonded by t h e  E u l e r  c r i t i c a l  l o a d  f o r  t h e  

t o t a l  spec imen and  t h e  s t r e n g t h  a c h i e v e d  when a x i a l  c r a c k i n g  

i s  f u l l y  c o n s t r a i n e d ,  



To i n v e s t i g a t e  t h e  i n f l u e n c e  o f  a x i a l  c r a c k i n g  upon t h e  

c o m p r e s s i v e  s t r e n g t h  o f  t h e  c o m p o s i t e ,  t h e  [0/90/0] ,? 
ir ll 

l a m i n a t e  was found  t o  exceed  a  " r u l e  o f  m i x t u r e s "  pp red ic t ion  

o f  s t r e n g t h  (935  MPa) a n d  t h e r e b y  i l l u s t r a t e  t h e  s y n e r g i s t i c  

i n f l u e n c e  o f  t h e  90" c o n s t r a i n t  l a y e r s ,  I n  o r d e r  t o  min imize  

t h e  i n f l u e n c e  o f  edge  e f f e c t s  upon t h e  b e h a v i o r  o f  t h e  

[0 /90 /0]2s  t e s t  spec imen ,  a  spec imen  w i d t h  o f  1 9 . 0 5  nm was 

c h o s e n .  S i n c e  it was shown e a r l i e r  t h a t  spec imen w i d t h  

i n f l u e n c e d  t h e  c o m p r e s s i v e  s t r e n g t h  o f  t h e  10 1 t e s t  s p e c i -  16 
men, it s h o u l d  b e  e x p e c t e d  t h a t  t h e  l a r g e  w i d t h  would l e a d  

t o  c o n s e r v a t i v e  e s t i m a t e s  o f  t h e  [0 /90 /0 ]2s  spec imen s t r e n g t h ,  

Hence,  t h e  d i f f e r e n c e  be tween  o b s e r v e d  s t r e n g t h  and  " r u l e  o f  

m i x t u r e s "  e s t i m a t e  ( 7 % )  c o u l d  have  been  g r e a t e r  had t h e  s p e c i -  

men w i d t h  been  s m a l l e r  a n d  t h e  a s s o c i a t e d  d e l e t e r i o u s  i n f l u -  

e n c e  o f  e d g e  e f f e c t s  b e e n  a b s e n t .  I n  o r d e r  t o  eva.Puate t h e  

i n f l u e n c e  o f  u n s u p p o r t e d  l e n g t h  upon c o m p r e s s i v e  s t r e n g t h  o f  

t h e  [0 /90 /0]2s  l a m i n a t e ,  spec imen  t e s t s  w i t h  u n s u p p o r t e d  

l e n g t h s  o f  1 2 , 7  mm a n d  9 , 5 2 5  mm w e r e  c o n d u c t e d ,  The d i f f e r -  

e n c e  i n  a v e r a g e  s t r e n g t h s  f o r  t h e  two t e s t  l e n g t h s  was less 

t h a n  o n e  p e r c e n t ,  I t  would a p p e a r ,  t h e r e f o r e ,  t h a t  t h e  

l a t e r a l  s u p p o r t  s y s t e m  was e f f e c t i v e  o v e r  such a  v a r i a t i o n  

i n  u n s u p p o r t e d  l e n g t h  a n d  a c t e d  t o  i n s u r e  c o m p r e s s i v e  f a - i l u r e ,  

I t  s h o u l d  b e  n o t e d ,  however ,  t h a t  t h e  t y p i c a l  s t r e s s - s t r a i n  

r e s p o n s e  r e v e a l e d  some bad e c c e n t r i c i t y  a s  e x h i b i t e d  by d i f -  

f e r e n c e s  i n  a p p a r e n t  modu l i  be tween  s t r e s s - s t r a i n  r e s p o n s e s  

o f  g a g e s  on o p p o s i t e  s i d e s  o f  t h e  spec imen ,  F a i l u r e  commonly 

c o r r e s p o n d e d  t o  an  a b r u p t  i n c r e a s e  i n  s t r a i n  on one  s i d e  o f  

t h e  spec imen and  a c o r r e s p o n d i n g  d e c r e a s e  a n  t h e  o t h e r  s i d e ,  

T h i s  b e h a v i o r  woulu t e n d  t o  i m p i y  an i n s t a b i L i t y  i nduced  

f a i l u r e ,  However, t h e  l a t e r a l  c o n s t r a i n t  a t  t h e  c e n t e r  o f  

t h e  spec imen s h o u l d  p r e c l u d e  g r o s s  i n s t a b i l i t y ,  Bence, t h e  

f a i l u r e  o f  t h e  [0/90/0] 2s spec imen i s  c o n s i d e r e d  tn be i n i -  

t i a t e d  by a l o c a l  i n s t a b i l i t y  o f  t h e  o u t e r  0"  l a y e r s .  

I n  o r d e r  t o  i n v e s t i g a t e  t h e  i n - p l a n e  s h e a r  f a t i g u e  p r o p e r -  

t i e s  o f  t h e  T-300/5208 m a t e r i a l  sys t em in t h e  p r e s e n c e  o f  



a  compress ive  t r a n s v e r s e  normal s t r e s s ,  [+4516]s l a m i n a t e  

specimens  were loaded  i n  compress ion .  S i n c e  t h e  compress ion  

r e s p o n s e  o f  t h e  [k45] l a m i n a t e  i s  o f  n o n l i n e a r  s o f t e n i n g  
S 

c h a r a c t e r ,  it was n e c e s s a r y  t o  employ a  32-ply l a m i n a t e  i n  

o r d e r  t o  p r e c l u d e  i n s t a b i l i t y  induced f a i l u r e .  A specimen 

w i d t h  o f  19 .05  mm was chosen  i n  o r d e r  t o  minimize t h e  i n f l u -  

e n c e  o f  edge  e f f e c t s  upon l a m i n a t e  r e s p o n s e .  By i n t r o d u c i n g  

a  t e f l o n  l a y e r  between specimen and t a b  a d j a c e n t  t o  t h e  t e s t  

s e c t i o n ,  t h e  t es t  s e c t i o n  c o u l d  be e f f e c t i v e l y  i n c r e a s e d  w h i l e  

m a i n t a i n i n g  t h e  l a t e r a l  c o n s t r a i n t  o f  t h e  t a b .  I n  o r d e r  t o  

a s s e s s  t h e  i n f l u e n c e  o f  t h e  t r a n s v e r s e  normal stress upon 

s t a t i c  i n - p l a n e  s h e a r  s t r e n g t h ,  it  i s  i n f o r m a t i v e  t o  compare 

t h e  t e n s i l e  and compress ive  s t r e n g t h s  of  t h e  [ i451s  l a m i n a t e .  

The a v e r a g e  s t a t i c  compress ive  s t r e n g t h  obse rved  was 201 MPa 

w i t h  an  a v e r a g e  modulus o f  1 8 . 9  GPa. The a v e r a g e  s t a t i c  

t e n s i l e  s t r e n g t h  f o r  t h e  i d e n t i c a l  specimen geometry was 170 

MPa w i t h  a modulus o f  1 8 . 8  GPa. The l a t t e r  d a t a  show good 

agreement  w i t h  t h e  t e n s i l e  r e s p o n s e  o f  t h e  %-p ly  [ + 4 5 ]  
S 

l a m i n a t e  o f  25.4 mm w i d t h  and 152.4 mm t e s t  s e c t i o n  l e n g t h .  

Average t e n s i l e  s t r e n g t h  and  modulus f o r  t h i s  specimen geometry 

were found t o  be 150 MPa and 19 .2  GPa, r e s p e c t i v e l y .  Hence, 

i-t would appear  t h a t  t h e r e  i s  a  s t r o n g  dependence o f  s h e a r  

s t r e n g t h  upon t h e  s i g n  of  t h e  t r a n s v e r s e  normal s t r e s s .  

The [ i4516]s l a m i n a t e  specimen was s u b j e c t e d  t o  compres- 

s i o n  f a t i g u e  employing t h e  modi f i ed  I I T R I  t e s t  f i x t u r e  shown 

i n  f i g u r e  33.  Both f a t i g u e  l i f e  and r e s i d u a l  s t r e n g t h  d a t a  

w e r e  developed w i t h  t h i s  t e s t  method. R e s i d u a l  s t r e n g t h  t e s t  

specimens were i n s t r u m e n t e d  w i t h  l o n g i t u d i n a l  and t r a n s v e r s e  

s t r a i n  gages  f o r  d e t e r m i n a t i o n  o f  r e s i d u a l  modulus and 

P o i s s o n ' s  r a t i o .  

Tens ion T e s t s  - 

T e n s i l e  t e s t  methods were developed and e v a l u a t e d  f o r  

d e t e r m i n a t i o n  o f  t h e  i n t e r l a m i n a r  s h e a r  f a t i g u e ,  and i n t e r -  

l a m i n a r  normal f a t i g u e  p r o p e r t i e s ,  The i n t e r l a m i n a r  s h e a r  

f a t i g u e  t e s t  specimens c o n s i s t e d  of a  [?45/0 ] l a m i n a t e  3  s 



w h e r e i n  t h e  O 0  l a y e r s  w e r e  d i s c o n t i n u o u s  a t  t h e  c e n t e r  of t h e  

spec imen ,  Load c a r r i e d  by t h e  O 0  l a y e r s  was t r a n s f e r r e d  

t h r o u g h  i n t e r l a m i n a r  s h e a r .  Hence,  f a i l u r e  w a s  i n i t i a t e d  a t  

t h e  d i s c o n t i n u i t y  o f  t h e  0" l a y e r s  i n  a n  i n t e r l a m i n a r  s h e a r  

mode. Spec imens  w e r e  s u b j e c t e d  t o  a  f a t i g u e  l o a d i n g  ( R  = 0 . 1 ,  

30 H z )  a n d  t h e  i n i t i a t i o n  o f  c r a c k i n g  d e t e c t e d  v i s u a l l y .  

S t a t i c  s a m p l e s  w e r e  i n s t r u m e n t e d  w i t h  a c o u s t i c  e m i s s i o n  sen -  

s o r s  f o r  d e t e c t i o n  o f  i n t e r l a m i n a r  f a i l u r e ,  Specimens were 

n o t  t e s t e d  beyond t h e  i n i t i a t i o n  o f  damage. 

The i n t e r l a m i n a r  normal  stress f a t i g u e  p r o p e r t i e s  w e r e  

e v a l u a t e d  w i t h  t h e  [ i 2 5 2 / 9 0 ]  t e n s i l e  coupon.  Due t o  t h e  
S 

l a r g e  d i f f e r e n c e  i n  P o i s s o n ' s  r a t i o s  be tween  t h e  90° and  +25" 

l a y e r s ,  f a i l u r e  i s  i n i t i a t e d  a t  t h e  spec imen e d g e  i n  a n  i n t e r -  

l a m i n a r  t e n s i l e  mode. ~ a t i g u e  spec imens  w e r e  s u b j e c t e d  t o  

t e n s i l e  f a t i g u e  l o a d i n g s  o f  R = 0 . 1  a t  a  r a t e  o f  30 H z .  Both 

a c o u s t i c  e m i s s i o n  and  v i s u a l  detection t e c h n i q u e s  w e r e  employed 

t o  e s t a b l i s h  f a i l u r e  i n i t i a t i o n ,  

DISCUSSION OF WSULTS 

A s  n o t e d  above ,  t h e  o b j e c t i v e  o f  t h e  u n i a x i a l  c o m p r e s s i o n  

s t a t i c / f a t i g u e  t e s t s  o f  [ i 4 5 I s  G r a p h i t e / e p o x y  l a m i n a t e s  i s  t o  

d e t e r m i n e  t h e  e f f e c t  o f  i n t e r a c t i o n  be tween  i n - p l a n e  s h e a r  a n d  

t r a n s v e r s e  stress ( t r a n s v e r s e  t e n s i o n  p l u s  i n - p l a n e  s h e a r  f o r  

a  t e n s i o n  t e s t  o f  [F45 l s  l a m i n a t e  v s .  t r a n s v e r s e  c o m p r e s s i o n  

and  i n - p l a n e  s h e a r  f o r  t h e  c o m p r e s s i o n  t e s t ) .  To t h a t  e n d ,  

s t a t i c  t e n s i o n  and  c o m p r e s s i o n  t e s t s  w e r e  c o n d u c t e d  f o r  t h e  

[ + 4 5 ]  l a m i n a t e  and  t h e  r e s u l t s  a r e  t a b u l a t e d  i n  t a b l e  1 0 .  
S 

I t  i s  s e e n  t h a t  t h e  a v e r a g e  co rcp res s ion  s t r e n g t h  i s  h i g h e r  t h a n  

t h e  a v e r a g e  t e n s i o n  s t r e n g t h ,  a l t h o u g h  t h e  modu l i  a r e  a l m o s t  

i d e n t i c a l .  T h i s  i s  a n  e x p e c t e d  r e s u l t  and  i s  c o n f i r m e d  by 

a n a l y t i c a l  p r e d i c t i o n s .  Thus t h e  1'451 l a m i n a t e  c a n n o t  b e  
S 

u s e d  r e a l i a b l y  f o r  p r e d i c t i n g  s h e a r  s t r e n g t h  b e c a u s e  t h e  mode 

o f  t r a n s v e r s e  stress h a s  a  n o t i c e a b l e  e f f e c t  on i t ,  

T a b l e  11 a n d  f i g u r e  34 show t h e  summary o f  t h e  T-300/5208 

[ i 4 5 1 6 ] s  l a m i n a t e  c o m p r e s s i o n  f a t i g u e  d a t a .  Note  t h a t  t h e r e  



i s  o n l y  a  s l i g h t  wea rou t  o f  s t r e n g t h  and s t i f f n e s s ,  T h i s  i s  

c o n t r a r y  t o  t h e  s i g n i f i c a n t  w e a r o v t  o b s e r v e d  f o r  t h e  t e n s i o n  

f a t i g u e  t e s t s ,  Note  a l s o  t h a t  t h e  s c a t t e r  i s  r a t h e r  h i g h  

f o r  t h e  l i f e t i m e  d.at.a a t  S = 0 , 6 7 .  F i g u r e s  35 a n d  36 

i l l u s t r a t e  t h e  f a i l u r e  modes i n  s t a t i c  t e n s i o n ,  a n d  s t a t i c  

c o m p r e s s i o n  a f t e r  f a t i g u e ,  r e s p e c t i v e l y .  The f a i l u r e  i n  t e n -  

s i o n  o c c u r s  p r i m a r i l y  due  t o  p l y  s e p a r a t i o n  which  i s  p r e c i p i -  

t a t e d  by t r a n s v e r s e  t e n s i o n  f a i l u r e  i n  t h e  ?45 l a m i n a e .  Micro-  

b u c k l i n g  a t  t h e  l a m i n a  l e v e l  i s  t h e  p redominan t  f a i l u r e  mode 

f o r  c o m p r e s s i o n .  An i n t e r e s t i n g  f a i l u r e  mode i s  o b s e r v e d  i n  

f i g u r e  37 f o r  a  [ i 4 5 ]  l a m i n a t e  s u b j e c t e d  t o  c o m p r e s s i o n .  The 
S 

s u r f a c e  p l y  h a s  b u c k l e d  i n  f i g u r e  37 r e s u l t i n g  i n  f u r t h e r  l o s s  

o f  s t i f f n e s s  and  s u b s e q u e n t  f a i l u r e .  

The s t a t i c / f a t i g u e  d a t a  f o r  i n t e r l a m i n a r  normal  stress 

o a s  o b t a i n e d  f rom a  [ i 2 5 2 / 9 0 ] s  l a m i n a t e  a r e  shown i n  t a b l e s  z 
1 2  and  1 3  and  i n  f i g u r e  38 .  I n  t a b l e  1 2 ,  t h e  i n i t i a t i o n  o f  

f a i l u r e  a t  t h e  f r e e  e d g e s  was m o n i t o r e d  by a c o u s t i c  e m i s s i o n  

and  f rom t h e  l o a d - d i s p l a c e m e n t  c h a r t .  I n  f i g u r e  38 ,  t h e  

s c a t t e r  i s  r a t h e r  l a r g e  f o r  S = 0 . 6 .  However, t h i s  i s  t o  b e  

e x p e c t e d ,  The s l o p e  o f  t h e  S - N  c u r v e  d o e s  i n d i c a t e  a  w e a r o u t  

r a t e  t h a t  i s  c o n s i s t e n t  w i t h  a  ma t r ix -domina ted  b e h a v i o r .  The 

e d g e  f a i l u r e  mode f o r  t h i s  spec imen i s  i l l u s t r a t e d  i n  f i g u r e  39.  

The s t a t i c / f a t i g u e  t e s t  d a t a  f o r  t h e  [ i45 /O3Is  p a r t i a l l y  

n o t c h e d  l a m i n a t e s  a r e  g i v e n  i n  t a b l e s  1 4  and  1 5  and  shown i n  

f i g u r e  40 .  F a i l u r e  i s  i n i t i a t e d  i n  t h e  i n t e r l a m i n a r  s h e a r  

mode and  t h i s  i s  e v i d e n t  f rom t h e  C-scan i n  f i g u r e  4 1  and  t h e  

pho tomic rog raph  i n  f i g u r e  4 2 ,  R e f e r r i n g  t o  t h e  d e r i v a t i o n s  

i n  Appendix B a n d  t o  t a b l e  B 1 ,  t h e  a n a l y t i c a l  p r e d i c t i o n  b a s e d  

on an  i n t e r l a m i n a r  s h e a r  s t r e n g t h  o f  68 .95  b1Pa i s  s u b s t a n t i a t e d  

by t h i s  d a t a .  I n t e r e s t i n g l y  enough,  t h e  s c a t t e r  f o r  S = 0 . 8  

i s  r a t h e r  s i g n i f i c a n t  w h i l e  f o r  S =  0 , 5 ,  t h e  d a t a  p o i n t s  a r e  

r a t h e r  c l o s e ,  Because o f  t h e  n o t c h  b l u n t i n g  e f f e c t  d u r i n g  

f a t i g u e ,  t h e  r e s i d u a l  s t r e n g t h  f o r  t h e  spec imen a t  S = 0 , 6  

i s  h i g h e r  t h a n  t h e  a v e r a g e  s t a t i c  s t r e n g t h ,  F i g u r e s  43 a n d  

4 4  i l l u s t r a t e  t h e  s t a t i c  and  r e s i d u a l  s t r e n g t h ,  and  f a t i g u e  



f a i l u r e s ,  r e s p e c t i v e l y .  The f a t i g u e  f a i l u r e s ,  however ,  a r e  

v i s i b l e  o n l y  u n d e r  m a g n i f i c a t i o n ,  

The s t a t i c  c o m p r e s s i o c  r e s u l t s  f o r  ;.he [O] and [0/90/O12s 

l a m i n a t e s  a r e  g i v e n  i n  t a b l e s  1 6  and  17, Tbt? c o n p r e s s i o n  

s t r e n g t h  f o r  t h e  [ O ]  l a m i n a t e  i s  c o n s i s t e n t  w i t h  t h e  v a l u e s  

r e p o r t e d  i n  t h e  l i t e r a t u r e .  The modulus  i s  a l s o  comparab le  

t o  t h e  [O] t e n s i o n  modulus a s  r e p o r t e d  e a r l i e r  i n  t a b l e  9 .  

The c o m p r e s s i o n  s t r e n g t h  a n d  modulus  for- t h e  [0 /90 /0 ]2s  

l a m i n a t e  i s  comparab le  t o  t h e  v a l u e s  o b t a i n e d  by m u l t i p l y i n g  

t h e  c o r r e s p o n d i n g  q u a n t i t i e s  f o r  t h e  [ O ]  l a m i n a t e  by 0 .66  

( p e r c e n t a g e  o f  0 d e g r e e  l a m i n a e  i n  t h e  l a m i n a t e ) .  

L i f e t i m e  a n d  r e s i d u a l  s t r e n g t h  d a t a  f o r  t h e  [ O ]  l a m i n a t e  

a r e  t a b u l a t e d  i n  t a b l e  18  and  p l o t t e d  i n  f i g u r e  4 5 ,  An impor- 

t a n t  f e a t u r e  o f  t h e  [ O ]  f a t i g u e  t e s t s  i s  t h a t  f o r  mos t  o f  t h e  

s p e c i m e n s ,  f a i l u r e s  o c c u r r e d  by t h e  s e p a r a t i o n  o f  t a b s  b e c a u s e  

o f  t h e  h i g h  stress l e v e l s .  Hence o n l y  two f a t i g u e  f a i l u r e s  

w e r e  o b t a i n e d .  When a  spec imen e x p e r i e n c e d  s e p a r a t i o n  o f  t a b s ,  

it was removed f rom t h e  f i x t u r e ,  t h e  t a b s  were r e b o n d e d ,  a n d  

t h e  spec imen  w a s  t e s t e d  s t a t i c a l l y  t o  f a i l u r e .  Hence t h e  

r e s u l t  i s  a  r e s i d u a l  s t r e n g t h  d a t a  p o i n t ,  Because o f  t h e s e  

d i f f i c u l t i e s ,  a n  S-N c u r v e  f o r  t h e  [ O ]  1alnillat:e c o u l d  n o t  b e  

a b t a i n e d .  Note  a l s o  t h a t  t h e  r e s i d u a l  s t r e n g t h  a c t u a l l y  shows 

a n  i n c r e a s e  i n  s t r e n g t h ,  T h i s  a p p e a r s  t o  b e  p a r a d o x i c a l .  A 

p r o b a b l e  e x p l a n a t i o n  f o r  t h i s  i n c o n s i s t e n c y  i s  t h e  s c a t t e r  i n  

t h e  s t a t i c  s t r e n g t h  d a t a ,  The c o m p r e s s i o n  f a t i g u e  f a i l u r e s  

f o r  t h e  [O] l a m i n a t e  a r e  i l l u s t r a t e d  i n  f i g u r e  4 6 .  The f a i l u r e  

s equence  i s  s p l i t t i n g  i n  t h e  a x i a l  d i r e c t i o n ,  i n s t a b i l i t y ,  

and brooming , 

The [0/90/01 compres s ion  f a t i g u e  t e s t  r e s u l t s  a r e  shown 
2s 

i n  t a b l e  1 9  and  f i g u r e s  47 and  48, Once a g a i n ,  t h e  d a t a  p o i n t s  

f o r  S  = 0 , 8  and  0 -67 sometia~ec-  d i f f e r  by two o r  t h r e e  d e c a d e s ,  

Whi le  t h e  r e s i d u a l  s t r e n g t h  f o r  t h e  101 shows an  i n c r e a s e  f o r  

S = 0 . 5 ,  t h a t  f o r  t h e  10/90/012s l a m i n a t e s  r e g i s t e r s  a  s m a l l  

d e c r e a s e .  N o t e ,  however,  t h a t  t h e  f a i l u r e  modes f o r  101 and  

[0/90/012,  l a m i n a t e s  a r e  d i f f e r e n t .  I n  f i g u r e  4 9 ,  t h e  r e s i d u a l  



s t r e n g t h  t e s t  f a i l u r e  s u g g e s t s  t h e  b u c k l i n g  o f  t h e  s u r f a c e  0 

d e g r e e  l a y e r  on  a n  e l a s t i c  f o u n d a t i o n  f o l l o w e d  by  o v e r a l l  

i n s t a b i l i t y  a n d  s u b s e q u e n t  f r a c t u r e ,  The f a t i g u e  f a i l u r e s  i n  

f i g u r e  4 9  f o r  S = 0 . 8  e c c u r r e d  g e n e r a l l y  i n s i d e  t h e  t a b s ,  

s u g g e s t i n g  t h a t  some o f  t h e  d a t a  p o i n t s  i n  f i g u r e  4 7  a r e  p r e -  

m a t u r e  f a i l u r e s .  



CONCLUDING REPIARKS 

The b a s i c  f a i l u r e  model f o r  p r e d i c t i n g  t h r e u g h - t h e -  

t h i c k n e s s  c r a c k  g rowth  and  u l t i m a t e  f a i l u r e  of no tched  corn- 

p o s i t e  l a m i n a t e s  ( r e f ,  3 )  b a s  been  expanded  t o  i n c l u d e  t h e  

e f f e c t s  o f  i n t e r l a m i n a r  stresses i n  t h e  v i c i n i t y  o f  t h e  n o t c h .  

The m o d i f i c a t i o n  was accompl i shed  by l o c a l l y  d i s c r e t i z i n g  t h e  

l a m i n a t e  i n t o  l a m i n a e  i n  t h e  r e g i o n  o f  t h e  p r o j e c t i o n  o f  t h e  

n o t c h  d i a m e t e r  a l o n g  t h e  d i r e c t i o n  o f  t h e  l o a d i n g .  I n - p l a n e  

and  i n t e r l a m i n a r  damage ( i n e l a s t i c  r e g i o n  o r  c r a c k )  g rowth  

was c a l c u l a t e d  f o r  v a r i o u s  l a m i n a t e s  ( [ 0 2 / i 4 5 ] ,  , [O2/?45/0] s 
and  [ 0 / i 4 5 / 9 0 I s )  and  s t a c k i n g  s e q u e n c e s .  

Because  o f  t h e  p o s s i b i l i t y  o f  a  l a r g e  c o m b i n a t i o n  o f  

i n - p l a n e  a n d  i n t e r l a m i n a r  damage zones  a n d  t h e  n u m e r i c a l  com- 

p l e x i t y  a s s o c i a t e d  w i t h  " t r a c k i n g 1 '  them, t h e  c a p a b i l i t y  o f  

t h e  f a i l u r e  model i s  r e s t r i c t e d  t o  t h e  p r e d i c t i o n  o f  o n l y  a 

l i m i t e d  number o f  c o m b i n a t i o n s  o f  t h e s e  r e g i o n s ,  I n  o r d e r  

t o  s i m p l i f y  t h e  a n a l y s i s ,  a  s e c a n t  modulus  a p p r o x i m a t i o n  t o  

t h e  n o n l i n e a r  i n - p l a n e  and  i n t e r l a m i n a r  s h e a r  s t r e s s - s t r a i n  

c u r v e s  was c o n s i d e r e d  i n  l i e u  o f  t h e  e l a s t i c ,  p e r f e c t l y  

p l a s t i c  a p p r o x i m a t i o n .  T h i s  e l i m i n a t e d  t h e  need  t o  c o n s i d e r  

i n e l a s t i c  r e g i o n s  and  damage was p r e d i c t e d  a s  a c r a c k  i n  a  

l a y e r  o r  a t  t h e  i n t e r f a c e .  T h i s  enhanced  t h e  c a p a b i l i t y  o f  

t h e  a n a l y s i s  t o  p r e d i c t  a x i a l  c r a c k  g rowth  i n  a n  u n s t a b l e  

f a s h i o n  o r  u n t i l  f a i l u r e .  

T h r e e - d i m e n s i o n a l  f i n i t e  e l e m e n t  a n a l y s i s  was per formed 

i n  o r d e r  t o  d e v e l o p  a n  u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  t h e  

stress d i s t r i b u t i o n  a r o u n d  a h o l e  i n  [0/*451s and l*45/01s 

l a m i n a t e s .  Ths SAP-LV computer  program was u t i l i z e d  f o r  

t h i s  p u r p o s e .  The r e s u l t s  o b t a i n e d  f rom t h e  f i n i t e  e l e m e n t  

a n a l y s i s  w e r e  compared w i t h  t h a t  o f  t h e  a p p r o x i m a t e  stress 

a n a l y s i s  p r o c e d u r e  w i t h  t h e  o b j e c t i v e  o f  q u a l i t a t i v e l y  a s s e s s -  

i n g  t h e  k i n e m a t i c  a s s u m p t i o n s .  

A s  a n  a d d i t i o n a l  t a s k ,  a  2 - D  e l a s t i c - p l a s t i c  f i n i t e  

e l e m e n t  a n a l y s i s  was c o n d u c t e d  t o r  some n o t c h e d  l a m i n a t e s .  



Because o f  t h e  c o n s i d e r a t i o n  o f  i n e l a s t i c  e f f e c t s  i n  s h e a r  i n  

t h e  b a s i c  f a i l u r e  model ,  i t  appeared  d e s i r a b l e  t o  cond-uct such  

an  a n a l y s i s  f o r  t h e  purpose  of  i n v e s t i g a t i n g  t h e  n a t u r e  o f  t h e  

damage growth and t h e  s t r e s s  d i s t r i b u t i o n  i n  t h e  v i c i n i t y  o f  

t h e  n o t c h ,  and t o  a s c e r t a i n  t h e  e f f e c t  o f  l a m i n a t e  a n i s o t r o p y  

on  damage p r o p a g a t i o n .  

The e x p e r i m e n t a l  program b a s i c a l l y  c o n s i s t e d  of t h e  f o l -  

lowing e x p l o r a t o r y  t es t s :  

( i) [ *  451, l a m i n a t e  u n i a x i a l  compress ion/compress ion  

f a t i g u e  t e s t s  t o  d e t e r m i n e  t h e  n a t u r e  o f  t h e  i n t e r a c -  

t i o n  between i n - p l a n e  s h e a r  and t r a n s v e r s e  compres- 

s i o n  i n  a  lamina and t o  compare t h e  wearout  r a t e s  

w i t h  t h a t  o f  a  [ i 4 5 ]  u n i a x i a l  t e n s i o n / t e n s i o n  
S 

f a t i g u e  t e s t .  The r e s u l t s  i n d i c a t e d  t h a t  t h e r e  i s  

no n o t i c e a b l e  wearou t ,  t h u s  s u g g e s t i n g  t h a t  t h e  

s i g n  o f  t h e  t r a n s v e r s e  s t r e s s  h a s  a n  i m p o r t a n t  e f f e c t .  

(ii) [Oi/90. I l a m i n a t e  u n i a x i a l  compression/compression 
7 s 

f a t i g u e  tes ts  t o  a s c e r t a i n  t h e  e f f e c t  of  t r a n s v e r s e  

r e s t r a i n t  ( p r o v i d e d  by t h e  90 d e g r e e  l aminae)  on t h e  

f a i l u r e  mode and  t h e  wearout  r a t e  f o r  a u n i d i r e c -  

t i o n a l  lamina  i n  compression/compression f a t i g u e .  

The d a t a  s c a t t e r  f o r  t h e  [0/90/0]2s l a m i n a t e  

f a t i g u e  t e s t s  was r a t h e r  l a r g e  f o r  S = 0.8 and 

specimen f a i l u r e s  were exper ienced  o u t s i d e  t h e  gage 

s e c t i o n .  Problems i n  t h e  [ O ]  l a m i n a t e  t e s t s  w e r e  

premature  f a i l u r e s  a l o n g  t h e  bond between t h e  s p e c i -  

men and t h e  t a b s ,  and an i n c r e a s e  i n  t h e  r e s i d u a l  

s t r e n g t h  a f t e r  f a t i g u e .  The former c o u l d  b e  a t t r i b -  

u t e d  t o  h i g h  s t r e s s  l e v e l  w h i l e  t h e  l a t t e r  c o u l d  be  

a  r e s u l t  of  a  s c a t t e r  i n  t h e  s t a t i c  s t r e n g t h  d a t a .  

Because of t h e s e  i n c o n s i s t e n c i e s ,  an  a p p r o p r i a t e  

e v a l u a t i o n  o f  t h e  [0 /90/0]2s  l a m i n a t e  t o  o b t a i n  

u n i d i r e c t i o n a l  compression f a t i g u e  d a t a  c o u l d  n o t  

be made. 



(iii) [ + 2 5 2 / 9 0 3  laminaJk.e spec imen  t o  0bt.ai.n t h e  S - N  
S 

c u r v e  f o r  i n t e r  l a m i n a r  normal  t e n s i l e  stress, 

( i v )  P a r t i a l l y  n o t c h e d  [ i4E i i /0  . I  l a m i n a t e  f o r  d e t e r -  
I s 

m i n i n g  t h e  b e h a v i o r  o f  i n t e r l a m i n a r  s h e a r  s t ress  

i n  f a t i g u e ,  

The c u r r e n t  a n a l y s i s  i n c l u d e s  t h e  e f f e c t - s  o f  damage g rowth  

d u e  t o  b o t h  i n - p l a n e  and  i n t e r l a m i n a r  s h e a r  stress b e h a v i o r ,  

The t r a n s v e r s e  stresses i n  t h e  n o t c h e d  Lamina te  a r e  i g n o r e d  

i n  t h e  a n a l y s i s  i n  compar i son  t o  t h e  a x i a l  stresses.  T h i s  

a s s u m p t i o n  was v a l i d a t e d  by f i n i t e  e l e m e n t  a n a l y s e s  and  e x p e r i -  

m e n t a l  o b s e r v a t i o n s .  The e x p e r i m e n t a l  o b s e r v a t i o n s  on  a  

n o t c h e d  [02/145] l a m i n a t e  w e r e  p r e d i c t e d  q u a l i t a t i v e l y  by 

t h i s  a n a l y t i c a l  model u s i n g  an  e l a s t i c ,  s e c a n t  modulus a p p r o a c h .  

The s h o r t c o m i n g  o f  t h e  f a i l u r e  p r e d i c t i o n  methodology i s  

t h e  e x t e n s i v e  e f f o r t  needed  t o  a u t o m a t e  t h e  n u m e r i c a l  p r o c e -  

d u r e  t o  a c c o u n t  f o r  a l l  p o s s i b l e  damage s e q u e n c e s  i n  a  g e n e r a l  

l a m i n a t e .  A recommended a l t e r n a t i v e ,  f o r  f u t u r e  r e s e a r c h ,  

would b e  t h e  u t i l i z a t i o n  o f  t h e s e  d e f i n e d  damage and f a i l u r e  

modes i n  a  f i n i t e  e l e m e n t  a n a l y s i s .  T h i s  c o u l d  p r o v i d e  a  

b e t t e r  u n d e r s t a n e - i n g  o f  t h e  stress s t a t e  around t h e  n o t c h  and  

have  t h e  a d d i t i o n a l  a d v a n t a g e  o f  incorporating a l l  t h e  stresses 

f o r  g e n e r a l  i n - p l a n e  l o a d i n g  i n t o  t h e  f a i l u r e  p r e d i c t i o n  

methodology .  



APPENDIX A 
FAILURE MODEL FOR NOTCHED COMpOSITE L,AMINATES -- -- 

WITH I N T E R L ~ ~ A R  EFFZTS -- 

R e f e r r i n g  t o  f i g u r e s  1 and 2 i n  t h e  main t e x t ,  t h e  govern- 

i n g  e q u i l i b r i u m  e q u a t i o n s  f o r  t h e  v a r i o u s  r e g i o n s  i n  t h e  notched 

l a m i n a t e  may be  w r i t t e n  a s  shown below. 

ELASTIC REGION 

The b a s i c  approach u t i l i z e d  i n  f o r m u l a t i n g  t h e  p r e s e n t  model 

i s  t o  d i s c r e t i z e  t h e  l a m i n a t e  i n t o  laminae o n l y  i n  t h e  r e g i o n  of 

t h e  p r o j e c t i o n  of t h e  n o t c h  w i d t h .  The remaining p o r t i o n  of  t h e  

homogeneous l a m i n a t e  i s  d i v i d e d  i n t o  an avera-ge s t r e s s  concen t ra -  

t i o n  r e g i o n  and a  uni form s t r e s s  r e g i o n  a s  i n  r e f e r e n c e  2 .  I t  i s  

a l s o  assumed t h a t  t h e  symmetric  l a m i n a t e  h a s  a  maximum of  s i x  

l aminae ,  E q u i l i b r i u m  o f  each  p l y  i n  t h e  c e n t r a l  c o r e  r e g i o n  and 

t h e  a d j a c e n t  o v e r s t r e s s e d  r e g i o n  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 s :  



Note t h a t  t h e  i n p l a n e  s h e a r  stress t r a n s f e r  r e g i o n  i s  o f  

w i d t h  " a O "  f o r  a l l  l a y e r s  and  t h e  i n t e r l a m i n a r  s h e a r  stress t r a n s -  

fer i s  assumed t o  t a k e  p l a c e  o v e r  a t h i c k n e s s  ""d" ' .  A x i a l  force 

e q u i l i b r i u m  i n  t h e  l a m i n a t e  r e q u i r e s  t h a t :  

I n t e g r a t i n g  e q u a t i o n  (A5) w i t h  r e s p e c t  to x y i e l d s :  

2a2hExU2u2 (x) = Fx + C I O  - 2ahlExluOI ( x )  

where  C I O  i s  a c o n s t a n t  of i n t e g r a t i o n .  

S u b s t i t u t i n g  e q u a t i o n  ( A b )  i n t o  (Ad), t h e  g o v e r n i n g  e q u a t i o n s  

c a n  b e  w r i t t e n  i n  a m a t r i x  form a s :  

F i T w h e r e  {u} - 
e k u 0 1  " 0 2  U 0 3  "IJ (A8) 



and the subscript or a superscipt "e" represents the elastic 

region, 

The general solution of equation (A7) j-s: 

-1 
where isle = -[B], C D } ,  

rnlrrn2fm3 and m4 are the eigenvalues of the matrix [B],, 

{U} (I) {Ui (2), {U} ( 3 )  and {U} (4) are the corresponding 

eigenvectors 

and C10pC11pC12p etc., are constants. 

Finiteness of the stresses for large x is introduced by 

setting C16, Cl7) C18 and C equal to zero. Hence 19 

Five boundary conditions are required to solve for the five con- 

stants. If the applied load is such that the stresses in the 

laminate are in the elastic range, these conditions are the zero 

stress condition on the notch surface (x = 0) and symmetry 



c o n d i t i o n s  i n  t h e  u and  u r e g i o n s  a t  t h e  same L o c a t i o n ,  That 
1 2 

i s ,  

e e 
and  u1 ( 0 )  = u 2 ( 0 )  = 0 

INELASTIC REGION ( S )  ( 0  < x  < a ) 

T h r e e  i n p l a n e  a n d  two i n t e r l a m i n a r  i n e l a s t i c  s h e a r  stress 

t r a n s f e r  r e g i o n s  a r e  p o s t u l a t e d  i n  t h e  d i s c r e t i z e d  r e g i o n ,  I f ,  

f o r  example ,  t h e  t o p  l a y e r  ( l a y e r  number I )  has an  i n p l a n e  

i n e l a s t i c  r e g i o n  o f  l e n g t h  a (see f i g .  1 ) , e q u a t i o n s  ( A l )  and  

( A 4 )  a r e  m o d i f i e d  i n  a c c o r d a n c e  w i t h  t h e  e l a s t i c - p e r f e c t l y  p l a s t i c  

s h e a r  b e h a v i o r  a s s u m p t i o n  ( f i g .  6 ) : 

2 
U O 1  

2  T 
- -  Gxz12 x y l  

2  h  d  (uol - u  ) = 
d x  1 1 02 E x l a  

E q u a t i o n s  (A2) , ( A 3 )  and ( A 5 )  r ema in  u n a l t e r e d ,  

Fo r  an  i n e l a s t i c  r e g i o n  a t  a n  i n t e r f a c e  (see f i g .  1 ) #  a  

s i m i l a r  m o d i f i c a - t i o n  i s  i n t r o d u c e d .  Assuming a n  i n t e r l a m i n a r  

i n e l a s t i c  r e g i o n  between l a y e r s  1 and  2 ,  f o r  example ,  e q u a t i o n s  

( A l )  and  (A2) a r e  m o d i f i e d  a s  shown below: 



F ~ j ~ ~ a t l c ? f i s  (A3) I (24.4) a n d  ( A 5 )  r ema in  t h e  same. 

Tne q o v e r n i ~ g  e q u a t i o n s  f o r  a r e g i o n  o f  t h e  l a m i n a t e  where  

s r ~ e l a s t i c r ~ y  is p r e s e n t  may t h e n  he  w r i t t e n  a s :  

r 7 t e r e  {;?j r e p r e s e n t s  t h e  i n e l a s t i c  c o n t r i b u t i o n  t o  t h e  nonhomo- 

aaneous  t e r m ,  The s o l u t i o n  f o r  t h i s  se t  o f  e q u a t i o n s  i s :  

-m x  m x -m x 
+ c8e ) {u}(~) i (C e 8 + ( C .  e 

3 4 

-1 -1 
w h e ~ e  { T I  = -[B! { R }  and { S I P  = - [ B l p  {D} 

P  
(A19) 

a n o  che subscu P L  o r  the s u p e r s c r i p t  " p "  r e p r e s e n t s  t h e  i n e l a s t i c  

r e i r  oil, 

vr 
i ii 2 e J c j e r ,  <-*iues. n i ( I = 5,8) aqd t h e  c c r i e s p o n d i n g  e i g e n v e c t o r s  

; '' or  it;] fa: ',he ~ n e i a s t i c  r i g l o n  a r e  d i f f e r e n t  f rom t h o s e  

+ i , r  i I_-. e i a s t  reyion clue to t h e  c h a n g e s  in t h e  [B], m d t r i x .  



C o o r d i n a t e  x f o r  e a c h  r e g i o n  i s  measured  f r o m  t h e  origin of t h a t  

r e g i o n .  

C o n s i d e r  now a n  i n e l a s t i c  r e g i o n  i n  khe laminate, e x t e n d i n g  

o v e r  a  l e n g t h  o f  a f rom t h e  n o t c h ,  E q u a t i o n s  (APL) and  (A18) 

a r e  t h e  d i s p l a c e m e n t  s o l u t i o n s  f o r  t h e  e l a s t i c  and  i n e l a s t i c  

r e g i o n s .  The boundary  c o n d i t i o n s  f o r  t h e  problem a r e :  

I n  a d d i t i o n  t o  t h e  above I 4  boundary  c o n d i t i o n s ,  t h e  i n e l a s -  

t i c i t y  c o n d i t i o n  f o r  t h e  a p p r o p r i a t e  l a y e r / i n t e r f a c e  a t  t h e  junc-  

t i o n  o f  t h e  two r e g i o n s  must  b e  imposed f o r  a  u n i q u e  F - w 
r e l a t i o n s h i p .  

REGION WITH AN LWPLANE OR AN INTERLAMINAR CRACK (0 < x i < )  

The g o v e r n i n g  e q u a t i o n s  f o r  a  r e g i o n  w i t h  a  c r a c k  a r e  

o b t a i n e d  by impos ing  t h e  s t r e s s - f r e e  c o n d i t i o n s  on t h e  c r a c k e d  

i n p l a n e  o r  i n t e r l a m i n a r  s u r f a c e ,  F o r  a n  i n p l a n e  c r a c k  i n  t h e  

t o p  l a y e r ,  f o r  example ,  e q u a t i o n s  ( A L )  and (A4) a r e  m o d i f i e d  t o :  



E q u a t i o n s  (A2) , (A3) and (A5) r ema in  unchanged.  

I f ,  on  t h e  o t h e r  hand ,  t h e r e  i s  a  debond between l a y e r s  1 

and  2 ,  e q u a t i o n s  (Al) and (A2) t a k e  t h e  form: 

E q u a t i o n s  (A3), (A4) and (A5) r e m a i n  unchanged.  

F o r  e i t h e r  t y p e  o f  c r a c k ,  t h e  g o v e r n i n g  e q u a t i o n s  t a k e  t h e  

form o f  e q u a t i o n  (A7), and t h e  s o l u t i o n s ,  t h e  form of e q u a t i o n  

( A 9 )  . I n t r o d u c i n g  new c o n s t a n t s ,  



-1 
where  { S I C  = - [BIc  D (A27 

and  t h e  s u p e r s c r i p t  o r  s u b s c r i p t  " c "  r e p r e s e n t s  t h e  c r a c k e d  

r e g i o n .  

The boundary  c o n d i t i o n s  f o r  a  p rob lem w i t h  a  c r a c k e d  r e g i o n ,  

an  i n e l a s t i c  r e g i o n ,  and  a n  e l a s t i c  r e g i o n  c o u l d  b e  w r i t t e n  i n  a  

manner s i m i l a r  t o  e q u a t i o n s  (A20) .  F o r  a  u n i q u e  F - a - < 
r e l a t i o n s h i p ,  t h e  c r i t e r i o n  f o r  c r a c k  i n i t i a t i o n  w i l l  a l s o  have  

t o  b e  imposed a t  t h e  c r a c k  t i p .  

DEGENERATE CASES 

The v a r i o u s  r e g i o n s  i n  t h e  l a m i n a t e  as d e s c r i b e d  above  a r e  

d e t e r m i n e d  by t h e  s e q u e n c e  i n  which  d e f e c t s  a r e  L i k e l y  t o  b e  

i n i t i a t e d  w i t h  an i n c r e a s e  i n  t h e  a p p l i e d  l o a d .  However, more 

t h a n  o n e  d e f e c t  c o u l d  i n i t i a t e  and grow s i m u l t a n e o u s l y .  Fo r  

some w i d e l y  u s e d  l a m i n a t e  c o n s t r u c t i o n s ,  c e r t a i n  s e q u e n c e s  o f  

d e f e c t  f o r m a t i o n  c o u l d  c a u s e  t h e  n a t u r e  o f  t h e  above  s o l u t i o n s  

t o  change .  Such a  s i t u a t i o n  w i l l  a r i s e  ( i)  when two o r  more 

i n e l a s t i c  z o n e s  ( i n p l a n e / i n t e r l a m i n a r )  a p p e a r  s i m u l t a n e o u s l y ,  o r  

(ii) when o n e  o r  more l a m i n a e  a c t  a s  non- load  c a r r y i n g  members 

u n d e r g o i n g  r i g i d  body d i s p l a c e m e n t s .  The f i r s t  t y p e  o f  d e g e n e r a c y  

o c c u r s  f o r  e l a s t i c - p l a s t i c  b e h a v i o r  i n  i n p l a n e / i n t e r l a m i n a r  s h e a r ,  

a n d  t h e  d e g e n e r a t e  l a y e r / l a y e r s  have a l i n e a r  v a r i a t i o n  o f  a x i a l  

s t r a i n .  The second  t y p e  o f  d e g e n e r a c y  i s  more l i k e l y  t o  o c c u r  

i n  a n  e l a s t i c  a n a l y s i s  w i t h  a  s h e a r  b e h a v i o r  gove rned  hy a s e c a n t  

modulus a p p r o a c h ,  The d e g e n e r a t e  l a y e r / l a y e r s  i n  t h i s  c a s e  a r e  

e s s e n t i a l l y  ' k a r r i e d "  by t h e  l o a d - c a r r y i n g  a d j a c e n t  r e g i o n s .  



Simul taneous  I n e l a s t i c  I n p l a n e  and I n t e r l a m i n a r  Shear  S t r e s s  -- --- 
T r a n s f e r  f o r  a  Lamina 

C o n s i d e r ,  f o r  example,  t h e  f i r s t  t y p e  o f  degeneracy when 

i n e l a s t i c  zones have  i n i t i a t e d  s i m u l t a n e o u s l y  i n  t h e  s u r f a c e  

l a y e r  1 ( i n p l a n e  s h e a r  mode) and a t  t h e  i n t e r f a c e  between l a y e r s  

1 and 2  ( i n t e r l a m i n a r  s h e a r  mode).  Equa t ion  ( A l )  t a k e s  t h e  form: 

2  2: 
- 

U O 1  - - x y l  + 

dx 
2 

Ex la  

I n t e g r a t i n g  t h i s  e q u a t i o n  w i t h  r e s p e c t  t o  x  t w i c e ,  one o b t a i n s  

X 
2  

u O 1 ( x )  = R1 7 + '3ox + '31 (A291 

I f  t h e  boundary o f  t h i s  r e g i o n  f o r  x = 0  i s  t h e  n o t c h  s u r f a c e ,  

t h e n  C 3 0  v a n i s h e s .  Equa t ion  (A29) t h e n  becomes: 

E q u a t i o n  ( A 2 )  i s  t h e n  modi f i ed  t o :  

and e q u a t i o n  ( A 4 )  assumes t h e  form: 



Upon utilizing the solution in equation f A 3 0 )  , equation (A6) 
becomes 

2 a? 7 xys + XZ12) u (x) = Fx + C - ahlExlx 2a2hExn2 2 35 (E: xl a Exlhl 

2a2hExu2uZ (x) = Fx + C35 - (2; xyl h, , + 7 xz12 a) x 2 

- 2a hE u (xj 
0 xub 1 

Substituting equation ( A 3 3 1  into equat.ion (2;32), a.nd coi~sidering 

equat.ions (A31) and ! A 3 j ,  the ysverning equations for the 

degenerate region are written as: 

where C u l d  - i T  ( ~ 3 5  ) 
1 . ~ ~ 2  " 0 3  111-j 



and t h e  s u b s c r i p t  o r  s u p e r s c r i p t  "d" r e f e r s  t o  t h e  d e g e n e r a t e  

s o l u t i o n  ( s )  , The s o l u t i o n  t o  e q u a t i o n  (A341 i s :  

-1 
where i F j d  = -[Bid {Dx2jd ( A 3 7  

The boundary c o n d i t i o n s  f o r  a l a m i n a t e  w i t h  a  d e g e n e r a t e  

r e g i o n  a r e  w r i t t e n  i n  t h e  same form a s  b e f o r s .  

S imul taneous  I n p l a n e  and I n t e r l a m i n a r  Cracking 
f o r  a  Lamina 

I f ,  i n s t e a d  o f  t h e  e l a s t i c - p l a s t i c  approach ,  an  e l a s t i c  

s e c a n t  modulus approach i s  chosen t o  p r e d i c t  t h e  " p e e l i n g  o f f "  

of  t h e  s u r f a c e  lamina ( e )  i n  a  l a m i n a t e ,  t h e  above s o l u t i o n s  c o u l d  

be  modi f i ed  a c c o r d i n g l y .  Cons ide r ing  t h e  same example p r e s e n t e d  

e a r l i e r ,  t h e  s u r f a c e  p l y  degeneracy o f  t h e  second t y p e  changes  

e q u a t i o n s  (A30) th rough  (A33) by e l i m i n a t i n g  a l l  t h e  t e r m s  w i t h  

y i e l d  s t r e s s e s .  The govern ing  e q u a t i o n s  t h e n  r e d u c e  t o  t h e  

form: 



The s o l u t i o n  t o  e q u a t i o n  ( ~ 4 0 )  i s :  

I t  i s  s e e n  t h a t  a  s i n g l e  p l y  degeneracy r e d u c e s  t h e  number 

of  coup led  e q u a t i o n s  by o n e ,  a s  r e f l e c t e d  by t h e  m a t r i x  [ B I T  

I f  a  g roup  of l a y e r s  h a s  a  d e g e n e r a t e  s o l u t i o n  i n  a  r e g i o n  of  

t h e  l a m i n a t e ,  t h e  [ B l  m a t r i x  r e d u c e s  i n  s i z e  f u r t h e r .  The equa- 
d  

t i o n s  and t h e  s o l u t i o n s  f o r  t h e s e  c a s e s  c o u l d  t h e n  b e  w r i t t e n  

a s  above.  

S imul taneous  I n p l a n e  P l a s t i c i t y  i n  A l l  Layers  

An ext reme c a s e  of i n p l a n e  i n e l a s t i c i t y  i n  a l l  t h e  l a y e r s  

o v e r  a  r e g i o n  ( 0  < x  < a )  of  t h e  l a m i n a t e  i s  n o t  uncommon. I n  

t h a t  r e g i o n ,  t h e  c o r e  r e g i o n  (see f i g . 1  ) e x p e r i e n c e s  a  p l a s t i c  

f low.  Mathemat ica l ly ,  t h i s  uncoup les  t h e  core d i s p l a c e m e n t  equa- 

t i o n s  from t h o s e  f o r  t h e  u  and u  d i s p l a c e m e n t s .  Equa t ion  ( A $ )  
1 2 

f o r  t h i s  r e g i o n  i s :  



where b, = 2 7  h  + 2ixy2h2  + Txy3h3. 
XY1 1 

Equa t ion  (A6 ) becomes : 

The l a s t  two e q u a t i o n s  can  be  s o l v e d  s i m u l t a n e o u s l y  f o r  u l ( x )  

and u  ( x )  i n  t h e  d e g e n e r a t e  r e g i o n  o f  t h e  l a m i n a t e .  
2  
The c o r e  d i s p l a c e m e n t s  i n  t h i s  r e g i o n  a r e  governed by t h e  

p l a s t i c  f l o w  e q u a t i o n s .  Each l a y e r  h a s  a n  i n p l a n e  s h e a r  f o r c e  

t h a t  i s  p r o p o r t i o n a l  t o  a ,  and an  i n t e r l a m i n a r  s h e a r  s t r a i n  t h a t  

m a i n t a i n s  t h e  v a l u e  a t  x  = a .  T h e r e f o r e ,  t h e  t o t a l  a x i a l  f o r c e  

i n  e a c h  l a y e r ,  o r  t h e  a x i a l  s t r a i n  i n  t h a t  l a y e r ,  v a r i e s  

l i n e a r l y  w i t h  r e s p e c t  t o  x.  T h a t  i s ,  

where E xlahlEl = 2-c + 7xz12 x y l  1 ( a )  a 

- 

and 
Ex3ah3E3 

= 2-c h  - 2 1  
xy3 3  xz23 ( a )  a 

The c o r e  d i s p l a c e m e n t  s o l u t i o n s  f o r  t h e  d e g e n e r a t e  r e g i o n  

a r e  dependent  on t h e  d i s p l a c e m e n t  s o l u t i o n s  o f  t h e  a d j a c e n t  r e g i o n  

( a l o n g  t h e  x - a x i s )  through t h e  T~~~~ ( a )  and TxZ23 ( a )  t e rms .  

I n  o t h e r  words,  



T ( a )  / d e g e n e r a t e  r e g i o n  = T~~~~ ( 0 )  / a d j a c e n t  r e g i o n  xz12 (A4 9 ) 

T ( a ) / d e g e n e r a t e  r e g i o n  = T ( 0 )  / a d j a c e n t  r e g i o n  
xz23 xz23 

When a n  e l a s t i c  a n a l y s i s  w i t h  a  s e c a n t  modulus s h e a r  b e h a v i o r  

i s  c a r r i e d  o u t ,  a  r e g i o n  ( 0  < x  < 5 )  of  t h r o u g h - t h e - t h i c k n e s s  

c r a c k  might  be  p r e d i c t e d .  For  t h i s  r e g i o n ,  equa-kions (A42) and 

( A 4 4 )  become : 

r e s p e c t i v e l y .  The above e q u a t i o n s  y i e l d  s o l u t i o n s  f o r  u  (x) and 1 
u2 ( x )  f o r  t h e  r e g i o n  0  < x  < 5 .  

The c o r e ,  i n  t h i s  c a s e ,  moves a s  a  r i g i d  body, and  t h e  d i s -  

p lacements  a r e  t h o s e  of  t h e  a d j a c e n t  r e g i o n  a l o n g  t h e  x - a x i s .  

u  / d e g e n e r a t e  r e g i o n  = u o i ( 0 ) / a d j a c e n t  r e g i o n ,  i = 1 , 3  (A52) O i  



APPENDIX E 
TEST SPECIMEN DESIGN -- 

The objective of the experimental program is primarily to 

perform exploratory tests for determining basic data required as 

input into the failure model. After considering the deficiencies 

in the data during the previous analytical/experimental correla- 

tion study (ref. 2 ) and the needs for the modified basic failure 

model with interlaminar effects, t.he following tests were identi- 

f ied : 

(i) [-145Is laminate uniaxial compression/compression fatigue 

tests to determine the nature of the interaction between inplane 

shear and transverse compression in a lamina and to compare the 

wearout rate with that of a [i45Is uniaxial tension/tension 

fatigue test; 

(ii) [Oi/90.1 laminate unaxial compression/compression 
I s 

fatigue tests to ascertain the effect of transverse restraint 

(provided by the 90 degree laminae) on the failure mode and the 

wearout rate for a unidirectional lamina in compression/compres- 

sion fatigue; 

(iii) [i252/90] laminate specimen to obtain the S-N curve 
s 

for interlaminar normal tensile stress and 

(iv) Partially notched [14 5 .  /O. ] laminate for determining 
1 I S  

the behavior of interlaminar shear stress in fatigue. 

With regard to the design of all specimens subjected to com- 

pression, dimensions were chosen such that failure would not 

occur prematurely due to instability. For the [Oi/90.] speci- 
3 s 

mens, the stacking sequence was [0/90/0]2s. This would avoid 

any interlaminar edge failures due to compression loading. The 

design of the [i252/90] laminate was taken from reference 
S 

This particular stacking sequence results in a high value of the 

interlaminar normal tensile stress when the specimen is subjected 

to tension loading. This ensures edge failure due to interlam- 

inar normal stress. Finally, a partially notched [245./0.] 
1 1 s  



Laminate, with the notch in the 0 degree layers, was designed 

to investigate the interlaminar shear behavior, 

Figure BL illustrates a partially notched [ + 4 5 . / 0 . 1  lamin- 
1 1 s  

ate with the notch in the O degree layers across the width of 

the specimen. Consideration of equilibrium in the x-direction 

results in the following differential equations: 

where 'd' is the width of the interlaminar shear transfer zone. 

Subscripts 1 and 2 correspond to the 0 degree and 2 4 5  degree 

plies, respectively, Also, force equilibrium at any cross sec- 

tion of the laminate results in the following expression for 

the displacement u2: 

ElhLul ( 0 )  
where the constant 6 = - 

l 2 and F is the applied 

laminate force. Upon substitution of equation ( B 3 )  in equa- 

tion ( B b )  and the subsequent solution of the resulting dif- 

ferential equation, one obtains 



where C is a constant of integration, 
2 

FGx z -2ClG x z  A =I ---- - and B = 
7 

The boundary condition ensuring the finiteness of the force for 

large x has already been considered by eliminating exponential 

terms of the typti eaX,  Consideration of the boundary condition 

du 
= 0 at x -- 0 yields 

and consequently, 

An expression for the displacement u2 can be obtained from 

equations (B4) , ( ~ 6 )  and (B3) . Having known the displacements 

u and u the interla.minar shear stress can be calculated as l 2" 

The objective o£ the above analysis is to determine the 

percentage of the 0 deyree layers in the [~45,/0 . I  laminate 
1 7 s  

such that failure occurs due to the interlaminar stress 'r x z  

in the vicinity of the notch and not due to overstress in 

the i45" layers, A l s o  failure should not occur In the 



unnotched portion of the 1 arnlna te , 

Table (El) shows the r e s r l l t a  of the ani i iys i  c ,  Assuming 

that the ultirnaee vt:? ue of 'the ~ n t e r l a r n ~ n a l  stress i LS 
X Z  

68.94 MN/M~ (10 k s ~ ) ,  the 4CJ/bOS [!45/0j lamrnate appears s 
to be the logical choice, A problem associated with the stack- 

ing sequence for this laminate is that for tension loading, the 

interlaminar normal stress at the free edge would be tensile. 

The effect of a tensile o can be alleviated by choosing a 
2, 

wider specimen (say, 3-81 cm or 1-1/2 in), 
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Table  1- Unidirectional T-300/5208 L a m i n a  
Properties and Some L a m i n a t e  Da ta  
Used rn the Current S t u d y  



Tab le  2 .  Stresses i n  a [ O 2 / f 4 5 / b J C  .2 T-300/5208  L a m i n a t e  

For D i f f e r e n t  I n t e r l a m i n a r  Boundary  Layer  T h i c k n e s s e s  



Table 3 .  Stresses in a [ f 4 5 / 0 2 / D ]  T - 3 0 0 / 5 1 0 8  L a m i n a t e  For 

Different TnterPaminar Boundary Layer Thicknesses 

---- 

S C F  (Stress 



NOTES FOR TABLE 2 AND TABLE 3 

TABLE 2: 

. a width of the average stress concentration region 
0' 

= 1.27 mrn. 

. In-plane shear yield stresses = 68.95 MPa for a 0 '  layer 

448,16 MPa for a +45' layer 

. Interlaminar shear yield stresses = 68.95 MPa 

. Subscripts 1, 2 and 3 refer to the 0 2 ,  t45 and laminae, 

respectively 

. Stress Concentration Factor (SCF) is the normal stress 

in the average stress concentration region divided by 

the gross applied stress 

TABLE 3: 

. Subscripts 1, 2 and 3 refer to the t45, 0 and ?J laminae, 
2 

respectively. 







T a b l e  6 .  Load a t  I n i t i a t i o n  o f  P l a s t i c i t y  
f o r  V a r i o u s  L a m i n a t e s  



Table 7 .  Variation sf Stress Concentration 
Factor for Various Laminates as a 
Function sf Applied Load 



R 
,-I 0 
n i  -rl + 

*,-4 eil 6 
X cfl r 
rri 0)  1.4 
,I L i  -- 
61 a ill 
:a E a 

11 
r i 



Table 9. NAIZMCO T-300/5208 Graphite Epoxy 

Unidirectional Laminate Tension 

Properties 



Table 10. [ f 4 5 1 6 1 ,  T-300/5208 Laminate Static Test 

Data for Uniaxial Tension and Compression 

Type of Test 

Compression 

Average 201.7 

Uniaxial 

Average 155.2 





T a b l e  1 2  . S t a t i c  T e s t  Data fo r  

[ i 2 5 2 / 9 0 ] s  T-300 /5208  

L a m i n a t e s  

* D e t e r m i n e d  f r o m  A c o u s t i c  E m i s s i o n  

* * O b t a i n e d  f r o m  L o a d - D i s p l a c g m e n t  C h a r t  



Table 13. Tension/Tension Lifetime Fatigue 

Test Data for [t252/90] s T-300/5208 

Laminates ( f  = 30Hz, R = 0.1) 



Table 1 4  . S t a t i c  Test Data f o r  

[t45/O3Is Partially Notched 

T-300/5%08 Laminate 

Specimen Type of Test 

Uniaxial 
Tension 



Table 15. TensisnjTension Lifetime Fatigue 

Data for [145/O3Is Partially Notched 

T-300/5208 Laminate (R = 0 -1, f = 30Hz)  

"Residual 



Table 16. Uniaxial Compression Static 

T e s t  Data for [O] T-300/5208 

Laminate 



Table 17. Uniaxial Compression Static 

Test Results for [0/90/01 s 

T-300/5208 Laminate 



Table $ 8 ,  Uniax ia l  Csmpression/Compressisn 
L i f e t i m e  and Residual StrengthjStiffness 
Data f o r  [ O )  T=30Q/5268 Laminate 
( f  = 30Wz, a = 10) 

FF Fatigue F a s u r e  
"Residual S t r e n g t h  Tests Conducted A f t e r  N Cycles 



Table 19 . Uniaxial Cornpression/Compression Lifetime 

and Residual Strength/Stiffness Data for 

16/90/012s  T-300/5208 Laminate ( f=30Wz,  R=LO) 



Table 81. Design of a Partially Notched iidi./07] 
J 2 

S Laminate to Assur-e F a r l u r e  due to 
lnterlaminar Stress T 

X Z  

% of O0 Layers 40% 6 0 % 80% 

I 

Initial Failure Stress 
for Laminate (MPa) 393.0 ! 554-7 7 3 0 . 8  
(i45O Layers in Shear) i 

I 
Ultimate Failure Stress 
for Laminate from 
Netting Analysis (MPa) 
( 0 "  Layer in Tension) 

Failure Stress of i45" 
Laminate in the Notched 
Area (MPa) 

Corresponding Force 
(N) Ft450 

(Specimen Widt&=25.4mm) 

Value of the Force, Fsf 
when Failure Occurs by 
Interlaminar Shear (N) 
(for max, T =6%.95MPa) xz 

*The 60% configuration is chosen for the experiments, 

Note: All failure stresses are for u n i a x i a l  tension. 

Lamina Thickness = 0 . 1 4  mrn 



k 0 
b r n r d  

I= 
k O c :  
rd .d c, 
a, m a  
C 0.4 
m p : ~  





A transverse 
crack through 
the thickness 
(catastrophic) 

An axial crack 
in any layer 
between the core 
and overstressed 

(could grow i-n a 
stable manner till 

0 failure) 0 
x x 

H delamination between 
any two Layers in the 
core region 

Figure 3. The Various Failure lrlodes in a Notched Laminate 
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I damaqe z o n e ,  o r  a  debond I 

C o n t i n u e  a n a l y s i s  till 
c rack /debond  grows i n  a n  

u n s t a b l e  f a s h i o n  ( a x i a l  
l a m i n a t e  f a i l u r e ) ,  o r  till 

t r a n s v e r s e  l a m i n a t e  f a i l u r e  

Figure 6 ,  F l o w  Chart for F a i l u r e  Mode 

and  S t r e n g t h  P r e d i c t i o n s .  



Distance 
from Laminate 
Mid-plane 

Un ( z ) ~  Reference 4 

Laminate 
Displacement 

Figure 7 . Transverse Displacement Distributions Near Specimen 

Edge, [45/0/-451, Larninate (ref. 4 ) Showing 

Average Lamina Displacements, u n ' First Interlayer 
Shear Strain, yn and Determination of Parameter d. 



Elastic-Perfectly Plastic Approximation 

~pproximation 
Based on Equal 
Area under the 
Stress-strain 
Curve 

Secant Modulus 
Approximation 

Figure 8. Different Linear Approximations of the In-Plane and 
Interlaminar Shear Strain Curve 



[0~/i45/5] s Laminate 

T r i a l  D a t a  I n p u t  

F i g u r e  9 . Variation of ~ p p l i e d  L a m i l l a t e  E o - C C ~  i.ii.th 
t h e  'Total Axi.al .  Damiz(~e  Xeric: F i i zc i  



Fiqu l -e  'LO, Va r i ation o f  Appl i ed L,a~t~i nc; te Force ~i t l l  
t i l e  T o t a i  Ax!  i t  l Daniaqe Zone S i  zi, 

8 1 



Figure 11. Damage G r o w t h  In a 1+41/0/01 s L a i ~ u n a C e  

f o r  Lhe ' T r i a l  D a C d  l n p u l  



1 8  

T r a n s v e r s e  F a i l u r e  

1 6  ( a  = 0 . 6 3 5  cmj 

P l a s t i c i t y  i n  t h e  
1 4  

T r a n s v e r s e  

1 2  = 1 . 2 7  c m )  

1 0  

8  P l a s t i c i t y  i n  t h e  0'  p l i e s  

6  
[ * 4 5 / 0 / 0 ]  L a m i n a t e  

S 

A c t u a l  D a t a  I n p u t  

4  

a T r a n s v e r s e  F a i l u r e  
( S e c a n t  M o d u l u s  A p p r o a c h )  

2  

0  
0 . 0  0 . 0 5  0 . 1 0  0 . 1 5  0 . 2 0  0 . 2 5  

a ( c m )  

F i g u r e  12. V a r i a t i o n  of A p p l i e d  L a m i n a t e  F o r c e  w i t h  
t h e  T o t a l  A x i a l  Damage Zone  S i z e  



( a  - 0 , 6 3 5  c n t )  
we*/-#------ 

-#&----- 

- 
---- 

Plastxcity ~n Che 
interface betweeti 
the 0" and +45" 1 ) l ~ e s  

- -*-A-- - 

F i g u r e  13, Variation of A p p l i e d  
wi tb Ax.i.al  12a111age Z o l  ., 



Transverse Failure (a = 0 , 6 3 5  cm) 

8 

lasticity in the 
0 "  and 90" plies 

Transverse 
Failure 
(a = 1.91 cm) 

4 Actual Data Input 

Transverse Failure 
(Secant Modulus Approach) 

a (cm) 

Figure 14. Variation of Applied L a m i n a - t e  Force with 
Total Axial Damage Zone Size 



30 

[O/i45/90] Lamina t e  
26 

@ Inpbane crack initiation 
in the O 0  and k 4 5 '  layers 

22 

18 

14 

Figure 15 . Varia-tlon of Applied L a n ~ i i z d t e  5'c\rce 
with Axial Damage Zone Size ( S e c a n t  
Modulus Approdch)  fcr a 1,arqe Val lie 

of O T  



a D e l a r n i ~ a t i o n  I r l i  t i a t e s  
Between t h e  O o  and t h e  
t45" Lztyers 

F i g u r e  16, U n s t a b l e  G r o w t h  o f  r ielarninatiol? i n  a 

i 0 / 0 / ~ 4 5 ]  Larnlnate (Secant "iodulus 
S 

A p p r o a c h  ) 



F i g u r e  ! /. Fatigue Failure of a Notched 10 /+45 J ~ilrc ,n/Epoxy 
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Pram the L m i n a t e  ( S = - 8 5  ( uc:i-, 2) 
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F i g u r e  1 8 .  SAP-IV F i n i t e  Element Mesh f o r  an  Octant of a Notched 
Latins te 
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Figure 19. Average a for Unit Applied Average Stress 
Y Z  

at the In te r fdce  BeLi.reen Q 0  and 45" i r aye r s  

for Different Values 01 y .  
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l7 Y 

W i t h  x at y = 0 , 0 3 3  



F i g u r e  2 2 .  V a r i a t i o n  o f  o w i t h  y a t  t h e  0/+45 
Y Z  

I n t e r f a c e  i n  a  Notched [0/+45/-45Is Laminate 



Figure 2 3 .  Variation of w i t h  y at the O/+45 
Y "  

Interface in a Notched 10/+45/-453s Laminate 



F i g u r e  24, Variation of 7 w i t h  y at the 4-45,'-45 
YZ 

i n t e r f a c e  i l i  No tcheii [0 /+45/ -451  Laminates 

With a C i r c u l a r  Hole and a Slit Notch 



F i g u r e  25, Mesh Geometry fo r  t h e  2-D F3id5+;r- P l j s - t i c  I + i r ~ l t e  Element Anaiysss 
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Figure 29. Plastic Elements in a [0/90], Notched  ami in ate for P = 2 8 , 0 6 E 3  

100 



Figure 3 0 .  Plastic Elements in a [0%/ '45] ,  Notched Laminate for P = 3 0 0 8 5 E 3  
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Figure 32. 
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IITRI Compression 
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F i g u r e  3 3 .  Modified JZTRI Compression T e s t  Fixture 
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Figure 42. Photomicrograph of a  ailed [i45/o3Is 

Partially Notched Laminate ( ~ 1 0 0 )  



F i g u r e  4 3 .  [k45 /03]  T-300/5208 P a r t i a l l y  

Notched Laminate S t a t i c  and 

Res idua l  S t r e n g t h  T e s t  F a i l u r e  
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Figure 4 4 .  [ i45 /O3Is  T-300/5208 Partially 

Notched Laminate Fatigue Failure 

Mode 
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