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FREE-EDGE DELAMINATION: LAMINATE WIDTH AND LOADING C O N D I T I O N S  EFFECTS 

P.L.N. Murthy* and C . C .  Chamis 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Center 
Cleveland, Oh io  44135 

SUMMARY 

The w i d t h  and l o a d i n g  c o n d i t i o n s  e f f e c t s  on free-edge s t r e s s  f i e l d s  i n  

composi te laminates a r e  i n v e s t i g a t e d  by u s i n g  a three-d imensional  f i n i t e  

element a n a l y s i s .  The a n a l y s i s  i n c l u d e s  a s p e c i a l  free-edge r e g i o n  r e f i n e m e n t  

or superelement w i t h  p r o g r e s s i v e  s u b s t r u c t u r i n g  (mesh ref inement)  and f i n i t e  

t h i c k n e s s  i n t e r p l y  l a y e r s .  The d i f f e r e n t  l o a d i n g  c o n d i t i o n s  i n c l u d e  in -p lane  

and ou t -o f -p lane  bending, combined a x i a l  t e n s i o n  and in -p lane  shear, t w i s t i n g ,  

u n i f o r m  temperature and un i fo rm mo is tu re .  Resu l t s  o b t a i n e d  i n d i c a t e  t h a t :  

a x i a l  t e n s i o n  causes the  s m a l l e s t  magnitude o f  i n t e r l a m i n a r  f r e e  edge s t r e s s  

compared t o  o t h e r  l o a d i n g  c o n d i t i o n s ,  f ree-edge d e l a m i n a t i o n  d a t a  o b t a i n e d  

from l a b o r a t o r y  specimens can n o t  be scaled t o  s t r u c t u r a l  components, and 

composi te s t r u c t u r a l  components a r e  n o t  l i k e l y  t o  delaminate.  

INTRODUCTION 

Free-edge s t r e s s  f i e l d s  and de lamina t ion  i n  composi te l am ina tes  has been 

(Ref .  1 )  and con t inues  t o  be (Refs.  2, 3, and 4) an a c t i v e  research  a c t i v i t y  

i n  t h e  composite community. I n  p rev ious  s t u d i e s  (Ref .  1 )  t h e  a u t h o r s  p r o v i d e d  

a s e l e c t i v e  summary o f  the  l i t e r a t u r e  t o  t h a t  da te  and presented t h e  r e s u l t s  

o f  t h e i r  s t u d i e s  on the  e f f e c t s  o f  t h e  i n t e r p l y  l a y e r  on the  free-edge s t r e s s  

f i e l d s .  These e f f e c t s  were i n v e s t i g a t e d  by model ing the  e n t i r e  l a m i n a t e  

geometry u s i n g  three-dimensional  f i n i t e  elements w i t h  s p e c i a l  f ree-edge r e g i o n  

r e f i n e m e n t  or superelements. The i n t e r p l y  l a y e r s  were modeled as 
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i n d i v i d u a l  l a y e r s  w i t h  t h i c k n e s s  dimensions which were p r e d i c t e d  by composi te 

micromechanics f o r  p a r t i c u l a r  f i b e r  volume r a t i o s .  The s tudy was m a i n l y  

l i m i t e d  t o  one specimen geometry under a x i a l  t e n s i o n .  

i n d i c a t e d  t h a t :  ( 1 )  t he  i n c l u s i o n  of an i n t e r p l y  l a y e r  a f f e c t s  the  magnitude 

and sense o f  t he  i n t e r l a m i n a r  s t r e s s  near t h e  f ree-edge, ( 2 )  model ing t h e  

e n t i r e  specimen i n f l u e n c e d  t h e  behav io r  o f  t h e  in-p lane p l y  s t r e s s  near t h e  

f r e e  edge and (3) s u b s t a n t i a l  i n -p lane  s t r e s s e s  w e r e  p resen t  i n  the  i n t e r p l y  

l a y e r .  I t  became apparent,  t h e r e f o r e ,  t h a t  specimen geometry and d i f f e r e n t  

l o a d i n g  c o n d i t i o n s  w i l l  a l s o  a f f e c t  t he  f ree-edge s t r e s s  f i e l d  i n  composi te 

lami nates.  

Resu l t s  from t h a t  s tudy  

The o b j e c t i v e  o f  t h e  p resen t  s tudy ,  desc r ibed  h e r e i n ,  was to  

i n v e s t i g a t e  the  w id th - to - th i ckness  r a t i o  and l o a d i n g  c o n d i t i o n  e f f e c t s  on t h e  

free-edge s t r e s s  f i e l d s  i n  a n g l e p l i e d  l am ina tes  (APL). S p e c i f i c a l l y ,  t h e  

f o l l o w i n g  cases w e r e  i n v e s t i g a t e d :  ( 1 )  p l y  angle e f f e c t s  on a x i a l  s t r e s s ,  ( 2 )  

w i d t h / t h i c k n e s s  r a t i o  e f f e c t s ,  (3) a x i a l  t e n s i o n  ( r e f e r e n c e  case), ( 4 )  

in -p lane shear, (5) out-of -p lane shear /bending,  (6) in -p lane bending, ( 7 )  

t w i s t i n g  moment, (8) combined l o a d i n g ,  ( 9 )  u n i f o r m  thermal l o a d  and, (10) 

u n i f o r m  mo is tu re  load.  Comparisons for the  v a r i o u s  l o a d i n g  c o n d i t i o n s  a r e  

a l s o  i nc luded .  

The reasons f o r  s e l e c t i n g  each case a r e  descr 

the  r e l a t i v e  importance and s i g n i f i c a n c e  o f  t h e  resu  

s t r u c t u r a l  components. The computat ional  s i m u l a t i o n  

and i s  b r i e f l y  summarized h e r e i n  f o r  completeness. 

bed i n  d e t a i l  i n  terms o f  

t s  o b t a i n e d  t o  composi te 

was descr 

COMPONENT GEOMETRY AND F I N I T E  ELEMENT MODEL 

The component geometry i s  a f l a t  p l a t e  as shown schemat 

bed i n  Ref .  1 

c a l l y  i n  

F i g .  1 .  

a n g l e p l i e d  l am ina te .  The f i n i t e  element model and the  s t r u c t u r a l  c o o r d i n a t e  

axes a re  shown i n  F i g .  2 .  Th i s  f i g u r e  d e p i c t s  the f i n i t e  element model when 
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i t  i s  loaded i n  t e n s i o n  a t  one end and f i x e d  a t  t h e  o t h e r .  Analogous 

c o n d i t i o n s  w e r e  used f o r  t h e  o t h e r  cases as i s  desc r ibed  l a t e r .  

The f i n i t e  element model c o n s i s t s  o f  a u n i f o r m  mesh o f  20-node s o l i d  

f i n i t e  elements ( F . E . )  and one f r e e  edge superelement w i t h  224 f i n i t e  

elements.  Each p l y  and each i n t e r p l y  l a y e r  a re  modeled w i t h  one element 

through t h e  t h i c k n e s s .  The model c o n s i s t s  o f  7561 nodes w i t h  t h r e e  

d isp lacements per  node (u,  v, w)  or a t o t a l  o f  22683 degrees o f  freedom 

( D . O . F . ) .  The f r e e  edge superelement r e g i o n  w i t h  i t s  r e s p e c t i v e  p r o g r e s s i v e  

mesh r e f i n e m e n t  ( s u b s t r u c t u r i n g )  i s  shown i n  F i g .  3. The p lane  dimension o f  

t h e  s m a l l e s t  element i n  the  superelement r e g i o n  a re  1/256 i n .  The f r e e  edge 

s t resses  a re  c a l c u l a t e d  a t  t h e  c e n t e r  o f  t h i s  element or (11512) i n .  from the  

f r e e  edge. 

The composi te component i s  assumed t o  be made from an AS-graphi te 

f i b e r l e p o x y  ( A S / E )  composite w i t h  0.55 f i b e r  volume r a t i o .  

( u n i d i r e c t i o n a l  composite) used i n  t h e  f i n i t e  element a n a l y s i s  were generated 

w i t h  I C A N  ( R e f .  5) and a re  t y p i c a l  f o r  t h i s  composite system. The i n t e r p l y  

l a y e r  i s  assumed t o  c o n s i s t  o f  o n l y  m a t r i x  ( F i g .  4) and, t h e r e f o r e ,  has t h e  

same p r o p e r t i e s  as the  epoxy i n  the  p l i e s .  The p r o p e r t i e s  for  b o t h  the p l y  

and t h e  i n t e r p l y  l a y e r  a re  summarized i n  F i g .  5 where t h e  schematic d e p i c t s  

t h e  m a t e r i a l  axes (1,  2, 3) a l o n g  which t h e  m a t e r i a l  p r o p e r t i e s  a re  d e f i n e d .  

The n o t a t i o n  i n  F i g .  5 i s  t he  same as t h a t  used i n  MSCINASTRAN and was adopted 

for  convenience. 

The p l y  p r o p e r t i e s  

The s p e c i f i c  a n g l e p l i e d  l am ina te  c o n f i g u r a t i o n s  considered w e r e  [ ~ 8 1 2 ~  

(€3 = 10, 20, 30, 40, 45, 50, 60, 70, 80 and 90 degrees).  The f i n i t e  element 

c o n s i s t e d  of 7 s o l i d  elements through- the- th ickness:  3 f o r  t h e  i n t e r p l y  

l a y e r s  and f o u r  f o r  the  p l i e s .  

s t r u c t u r a l  x-ax is  t o  the  m a t e r i a l  1-ax is)  was i n p u t t e d  n o r d e r  t o  invoke t h e  

NASTRAN o p t i o n  f o r  p r o p e r t y  t r a n s f o r m a t i o n .  

The p l y  o r i e n t a t i o n  ang e 8 (from the  
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shown i n  F i g .  7. I f  uxx rema 

should be about 1 f o r  a l l  28 

f o r  28 laminates i n  t h e  50° 

CASES STUDIED AND RESULTS OBTAINED 

The v a r i o u s  cases s t u d i e d  a re  summarized i n  F i g .  6 .  A b r i e f  d i s c u s s i o n  

fo r  s e l e c t i n g  these cases, r e s u l t s  ob ta ined ,  and s i g n i f i c a n c e  o f  these r e s u l t s  

f o l l o w s .  

CASE 1 .  Ply Angle E f f e c t s  on A x i a l  S t r e s s  

I t  i s  n o r m a l l y  assumed i n  free-edge i n t e r l a m i n a r  s t r e s s  s t u d i e s  t h a t  

e i t h e r  the a x i a l  s t r a i n  or a x i a l  s t r e s s  a r e  cons tan t  across t h e  specimen w i d t h  

when t h e  specimen i s  sub jec ted  to  a x i a l  t e n s i o n .  Therefore,  t h i s  case was 

s e l e c t e d  t o  s tudy t h e  a x i a l  s t r e s s  v a r i a t i o n  a t  t he  f r e e  edge as a f u n c t i o n  o f  

the  p l y  angle under cons tan t  t e n s i l e  l o a d .  

case (oXx)  a re  normal ized w i t h  r e s p e c t  t o  the  f a r  f i e l d  s t r e s s  (oXxm)  and a r e  

The r e s u l t s  o b t a i n e d  from t h i s  

ned cons tan t  across the  w i d t h  then o x x / u X x ~  

aminates.  However,  i n  F i g .  7 ,  t h i s  i s  o n l y  t r u e  

2 8 5 80° range. Therefore,  t h e  c o n c l u s i o n  i s  

t h a t  uXx i s  n o t  cons tan t  across t h e  w i d t h  except  f o r  a ve ry  smal l  range o f  28 

p l y  o r i e n t a t i o n s .  f u r the rmore  t h e  v a r i a t i o n  shown i n  F i g .  7 w i l l  more than 

l i k e l y  depend on w i d t h  and on composite m a t e r i a l  system. 

i m p l i c a t i o n  i s  t h a t  e v a l u a t i o n  of f ree-edge i n t e r l a m i n a r  s t r e s s  magnitudes and 

p o s s i b l e  de lamina t ions  must be based on a n a l y s i s  models and/or  exper iments 

u s i n g  r e p r e s e n t a t i v e  component geometr ies and l o a d i n g  c o n d i t i o n s .  Otherwise 

the  r e s u l t s  o b t a i n e d  a re  o n l y  i n d i c a t i v e  o f  the  s p e c i f i c  case s t u d i e d  and any 

i n f e r e n c e  o r  e x t r a p o l a t i o n  t o  a d i f f e r e n t  case may be m is lead ing .  

The p r a c t i c a l  

CASE 2 .  Width/Thickness R a t i o  E f f e c t s  

The s tudy o f  the  w id th - to - th i ckness  r a t i o  e f f e c t s  on free-edge 

i n t e r l a m i n a r  s t r e s s  i s  mo t i va ted  by the  obse rva t i ons  t h a t  l a b o r a t o r y  specimens 

loaded i n  tension/compression e x h i b i t  free-edge de lamina t ion  w h i l e  b o t h  

s imu la ted  and a c t u a l  components do n o t .  Laboratory  specimens a r e  r e l a t i v e l y  

narrow (about o r  l e s s  than one i n c h )  w h i l e  s imulated and/or a c t u a l  components 
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s t r e s s e s  oZz and 0x2 a re  ve ry  s e n s i t i v e  

(2 )  The magnitude of  oZz becomes n e g l i g  

w h i l e  uXZ remains p r a c t i c a l l y  cons tan t .  

compressive, reaches i t s  peak t e n s i l e  v 

a re  no t .  One e x p l a n a t i o n  may be p o s s i b l e  w i d t h l t h i c k n e s s  (W/T) r a t i o  e f f e c t s  

on these s t resses .  The s t u d i e s  f o r  t h i s  case were performed to  s i m u l a t e  the  

W/T r a t i o  e f f e c t s  on the  i n t e r l a m i n a r  normal (azz) and shear (oXz) s t r e s s e s .  

T y p i c a l  r e s u l t s  o b t a i n e d  a re  shown i n  F i g .  8. The r e s u l t s  a r e  f o r  a [e451s 

a n g l e p l i e d  l am ina te  which had t h e  h i g h e s t  magnitude o f  i n t e r l a m i n a r  s t r e s s e s  

near t h e  f r e e  edge. 

The s i g n i f i c a n t  obse rva t i ons  i n  F i g .  8 a re :  ( 1 )  The i n t e r l a m i n a r  

t o  smal l  W/T r a t i o s  ( l e s s  than 4 ) .  

b l e  w i t h  WIT r a t i o s  g r e a t e r  than 30 

(3) The magnitude o f  ozz i s  i n i t i a l l y  

l u e  a t  a WIT r a t i o  of about  4 and 

decreases r a p i d l y  t h e r e a f t e r .  

r a p i d l y  i n  t h i s  lower range W/T r a t i o .  

The magnitude of t h e  aXZ s t r e s s  i nc reases  v e r y  

I t  i s  wor th n o t i n g  t h a t  t h e  a n a l y t i c a l  r e s u l t s  and, t h e r e f o r e ,  

conc lus ions  i n  t h e  l i t e r a t u r e  a r e  for  specimens w i t h  WIT r a t i o s  o f  about 8. 

The corresponding exper imenta l  d a t a  i s  from specimens w i t h  WIT r a t i o  o f  about 

16. C l e a r l y  oZz has s u b s t a n t i a l  magnitude i n  t h i s  range and w i l l  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  f r e e  edge d e l a m i n a t i o n .  T h i s  c o n t r i b u t i o n  becomes even more 

c r i t i c a l  c o n s i d e r i n g  t h a t  t he  through- the- th ickness t e n s i l e  s t r e n g t h  i s  

r e l a t i v e l y  sma l le r  than the i n t r a l a m i n a r  shear s t r e n g t h .  The a u t h o r s  cons ide r  

t h e  r e s u l t s  i n  F i g .  8 as ev idence /exp lana t ion  why l a b o r a t o r y  specimens 

delaminate w h i l e  s imulated and/or  a c t u a l  components do n o t .  The p r a c t i c a l  

i m p l i c a t i o n  o f  the  r e s u l t s  from t h i s  case i s  t h a t  edge d e l a m i n a t i o n  i s  n o t  

l i k e l y  t o  occur  i n  composite s t r u c t u r a l  components assuming normal des ign  and 

manu fac tu r ing  p r a c t i c e s .  

The t r i a x i a l  s t r e s s  f i e l d  near t h e  f r e e  edge i s  shown i n  F i g .  9 ( R e f .  1 )  

where each s t r e s s  magnitude i s  p l o t t e d  versus t h e  f r e e  edge l e n g t h  parameter 

X r  measured from i n n e r  edge (1 i n .  from t h e  free-edge) of t h e  superelement 

5 



(F ig .  3). The neares t  p o i n t  t o  the  f r e e  edge, a t  which s t r e s s e s  a re  p l o t t e d ,  

i s  1/512 i n .  A s  can be seen, t h e  s t resses  i n  bo th  the  p l y  and t h e  i n t e r p l y  

l a y e r  a re  p l o t t e d .  The i n t e r e s t i n g  p o i n t s  t o  observe are:  ( 1 )  t h e  

i n t e r l a m i n a r  s t resses  (azz, azy, uxz) have s i g n i f i c a n t  magnitudes near t h e  

f r e e  edge. 

the f r e e  edge i s  approached w h i l e  uYy e x h i b i t s  o s c i l l a t o r y  behav io r .  

i np lane  s t resses  uXx and oxy i n  t h e  i n t e r p l y  l a y e r  a re  n e g l i g i b l e  and near 

ze ro  except ayy. 

Poisson 's  r a t i o  between t h e  p l i e s  and t h e  m a t r i x .  The i m p o r t a n t  p o i n t  t o  be 

noted from t h e  above d i s c u s s i o n  i s  t h a t  l o c a l  mesh re f i nemen t  or t h e  

The i n p l a n e  s t r e s s e s  (aXX,  oxy) i n  the p l i e s  decrease r a p i d l y . a s  

The 

T h i s  s t r e s s  i s  p r i m a r i l y  caused by t h e  mismatch i n  t h e  

SUP 

f i e  

=z z 

wh i 

re lement  a re  e f f e c t i v e  means t o  determine the  three-d imensional  s t r e s s  

d near f r e e  edges. These r e s u l t s  i n d i c a t e  t h a t  b o t h  i n t e r l a m i n a r  s t r e s s e s  

and aXz a re  o f  about  t h e  same magnitude (about  1 t o  2 pe rcen t  o f  ax,> 

e uZy i s  an o r d e r  o f  magnitude l e s s  as t h e  free-edge i s  approached. 

CASE 3. A x i a l  Tension - Reference Case 

I n t e r l a m i n a r  s t r e s s e s  near  t h e  f r e e  edges i n  a x i a l  t e n s i l e  f l a t  

specimens ( F i g .  6) have been and c o n t i n u e  to  be e x t e n s i v e l y  s t u d i e d  (Refs.  1 ,  

2 and 3). One o f  t h e  major  reasons i s  t h e  specimen's s i m p l i c i t y  for  

exper imenta l  s t u d i e s .  For example, t h e  edges can be c o n t i n u o u s l y  mon i to red  

f o r  t h e  onset  o f  t r a n s p l y  c racks  and de lamina t ions  d u r i n g  monotonic and /o r  

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

s o l u t i o n s ,  as was a l r e a d y  mentioned. 

The three-d imensional  s t r e s s  f i e l d  near the f r e e  edge o f  an a x i a l l y  

loaded t e n s i l e  specimen i s  p resen ted  i n  F i g .  9 ( R e f .  1 ) .  T h i s  i s  used as a 

re fe rence  case i n  o r d e r  t o  compare t h e  corresponding s t r e s s  f i e l d s  from the  

o t h e r  l o a d i n g  c o n d i t i o n s .  The s t r e s s  f i e l d  i n  t h i s  f i g u r e  i s  f o r  a Ct101, 

A S / E  APL because p rev ious  s t u d i e s  ( R e f .  1 )  i n d i c a t e d  t h a t  t h e  i n t e r l a m i n a r  

normal s t r e s s  uZz was more l i k e l y  t o  i n i t i a t e  edge d e l a m i n a t i o n  i n  t h i s  APL. 
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The i m p o r t a n t  p o i n t s  t o  observe i n  F i g .  9 and to  keep i n  mind fo r  

subsequent comparisons a re :  ( 1 )  t h e  magnitudes o f  the  two i n t e r l a m i n a r  

s t r e s s e s ,  oZz and oZx, and ( 2 )  t h e  genera l  behav io r  o f  t h e  i n p l a n e  s t r e s s e s ,  

aXX and oYy. 

edge r e q u i r e s  t h a t  t h e  i n t e r l a m i n a r  s t r e s s  ozy and t h e  i n p l a n e  s t r e s s e s  oxy 

and oYy van ish  a t  t h e  f r e e  edge. 

p o i n t  i n  the  s t r e s s  f i e l d  i s  a t  t he  c e n t r o i d  o f  t h e  edge f i n i t e  element which 

i s  1 / 5 1 2  i n  from t h e  f r e e  edge as was a l r e a d y  ment ioned. 

I t  i s  a l s o  i m p o r t a n t  t o  n o t e  t h a t  t h e  f r e e  s t r e s s  s u r f a c e  a t  t he  

Th is  i s  n o t  obv ious  i n  F i g .  9 s i n c e  the  l a s t  

CASE 4 .  In-Plane Shear 

The free-edge s t r e s s  f i e l d  i n  APL sub jec ted  to  in -p lane  shear ( F i g .  6) 

I n -p lane  shear i s  t h e  dominant l o a d i n g  has n o t  been p r e v i o u s l y  i n v e s t i g a t e d .  

c o n d i t i o n  i n  s k i n - s t r i n g e r  and shear-web s t r u c t u r a l  components. S ince these 

types o f  components g e n e r a l l y  have f r e e  edges i t  i s  a p p r o p r i a t e  t o  determine 

t h e  three-d imensional  f ree-edge s t r e s s  f i e l d  and compare t h e  magnitudes o f  i t s  

r e s p e c t i v e  s t r e s s e s  to  those o f  t h e  a x i a l  t e n s i o n .  A s  f a r  as t h e  au tho rs  

know, no i n c i d e n t s  o f  f ree-edge de lamina t ions  have been r e p o r t e d  f o r  these 

types o f  s t r u c t u r a l  components. 

The no rma l i zed  ( w i t h  r e s p e c t  t o  corresponding uXX) free-edge 

three-d imensional  s t r e s s  f i e l d  i n  a C2101s AS/E A P L  i s  shown i n  F i g .  10. 

Severa l  p o i n t s  a re  wor th  n o t i n g :  (1 )  t h e  i n t e r l a m i n a r  s t resses  (aZZ, oZy and 

oXz) i n  the  i n t e r p l y  l a y e r  have g r e a t e r  magnitudes than t h e  corresponding p l y  

s t r e s s e s ;  ( 2 )  t h e  i n t e r l a m i n a r  s t r e s s  oZz i s  compressive; (3) t h e  i n t e r l a m i n a r  

s t r e s s  oYz has s u b s t a n t i a l  magnitude compared t o  t h e  a x i a l  t e n s i o n  case 

( F i g .  9 ) ;  ( 4 )  t h e  in-p lane s t resses  uXX and oxy have s i m i l a r  behav io r  as those 

f o r  t h e  a x i a l  t e n s i o n  case ( F i g .  9 ) ;  and ( 5 )  t he  p l y  s t r e s s  oyy changes from 

compression t o  t e n s i o n  inwards from the  free-edge w h i l e  t h a t  f o r  t h e  a x i a l  

t e n s i o n  case remains compressive ( F i g .  9 ) .  
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The c o n c l u s i o n  from t h e  above d i s c u s s i o n  i s  t h a t  t h e  three-d imensional  

s t r e s s  f i e l d  near t h e  f ree-edge of APL s u b j e c t e d  t o  in -p lane  shear i s  

g e n e r a l l y  t he  same as t h a t  for t h e  a x i a l  t e n s i o n  case except for the  

i n t e r l a m i n a r  normal s t r e s s  (aZZ) which i s  compressive.  Th is  may e x p l a i n ,  

i n - p a r t ,  why free-edge d e l a m i n a t i o n s  have n o t  been repo r ted /obse rved  i n  

s k i n - s t r i n g e r  and shear-web t y p e  composi te s t r u c t u r a l  components, and i t  i s  

normal t e n s i  1 e c o n s i s t e n t  w i t h  t h e  p r e v a l e n t  c o n t e n t i o n  t h a t  " t h e  i n t e r l a m i n a r  

s t resses  i n i t i a t e  f ree-edge d e l a m i n a t i o n s " .  

CASE 5 .  Out-of-Plane ShearIBending 

Through-the-thickness shear s t r e s s  (ox,> i s  p resen t  i n :  

s t r u c t u r a l  components s u b j e c t e d  t o  bending, ( 2 )  t h i ckness  t r a n s  

(3) normal t o  t h e  l am ina te  p l a n e  l o a d  a p p l i c a t i o n  p o i n t s  and ( 4  

( 1 )  a l l  

t i o n  r e g i o n s ,  

j o i n t s .  

Through-the-thickness shear i s  s i m u l a t e d  u s i n g  a c a n t i l e v e r  w i t h  an 

out -of -p lane end l o a d  ( F i g .  6). The three-d imensional  s t r e s s  f i e l d  near t h e  

free-edge i n  APL due t o  t h i s  t y p e  o f  l o a d i n g  has n o t  been i n v e s t i g a t e d  

p r e v i o u s l y  t o  t h e  a u t h o r s '  knowledge. Exper imenta l  r e s u l t s  i n d i c a t i n g  

free-edge de lamina t ions  from t h i s  t ype  o f  l o a d i n g  have n o t  been r e p o r t e d  i n  

the  l i t e r a t u r e  for  e i t h e r  l a b o r a t o r y  specimens or s t r u c t u r a l  components. 

The normal ized ( w i t h  r e s p e c t  t o  co r respond ing  aXX)  three-d imensional  

s t r e s s  f i e l d  near t h e  f ree-edge i n  a [e1OIs A S / E  APL i s  shown i n  F i g .  11. 

Through-the-thickness shear induces i n t e r l a m i n a r  s t r e s s e s  (azz and uXz) which 

a re  about an o r d e r  o f  magnitude g r e a t e r  compared t o  the  a x i a l  t e n s i o n  case. 

This  o f  course should be expected s ince  t h i s  type o f  l o a d i n g  d i r e c t l y  s u b j e c t s  

the  laminate t o  i n t e r l a m i n a r  s t r e s s e s .  

reaches compara t i ve l y  h i g h  magnitudes j u s t  b e f o r e  the  f ree-edge. 

f o r  the  in-p lane s t r e s s e s  i s  t h e  same i n  magnitude as t h a t  f o r  the  a x i a l  

t ens ion .  The s i g n  depends on t h e  l o c a t i o n  o f  the  i n t e r p l y / p l y  o f  i n t e r e s t  

r e l a t i v e  t o  the  mid-plane. 
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The r e l e v a n t  c o n c l u s i o n  from the above d i s c u s s i o n  i s  t h a t  out -of -p lane 

loads induce r e l a t i v e l y  h i g h  i n t e r l a m i n a r  normal and shear s t r e s s e s  near 

f ree-edges o f  APL. Therefore,  i t  i s  v e r y  i m p o r t a n t  t h a t  r e g i o n s  sub jec ted  t o  

these types o f  s t r e s s e s  a re  p r o p e r l y  designed and v a l i d a t e d  u s i n g  

three-d imensional  a n a l y s i s .  

CASE 6.  I n -p lane  Bending 

In -p lane  bending i s  perhaps the most p r e v a l e n t  l o a d i n g  c o n d i t i o n  i n  the  

faces  o f  sandwiches and i n  cove rs /s ides /bu lkheads  o f  t h i n - w a l l ,  b u i l t - u p  

s t r u c t u r e s .  Since these s t r u c t u r e s  w i  11 genera l  l y  have f r e e  edges, t h e  

three-d imensional  s t r e s s  f i e l d  near  f ree-edges of composi te APL sub jec ted  t o  

in -p lane  bending i s  of i n t e r e s t .  N e i t h e r  f ree-edge de lamina t ions  

s i t u a t i o n  nor  a n a l y t i c a l  s t u d i e s  to  eva lua te  t h e  magnitudes o f  t h e  

corresponding i n t e r l a m i n a r  s t r e s s e s  have been r e p o r t e d  . 

In-p lane bending i s  c o m p u t a t i o n a l l y  s imu la ted  as shown i n  F 

n t h i s  

g. 6.  The 

no rma l i zed  ( w i t h  r e s p e c t  t o  corresponding uXx) three-d imensional  s t r e s s  f i e l d  

near t h e  f ree-edge o f  a C=1OIs  A S / E  APL i s  shown i n  F i g .  12. 

s t r e s s e s  due t o  in -p lane  bending e x h i b i t  t h e  same behav io r  as for  a x i a l  

t e n s i o n  ( F i g .  9 )  b u t  o f  about t w i c e  the  magnitude. The in -p lane  s t r e s s e s  on 

t h e  o ther  hand a re  p r a c t i c a l l y  i d e n t i c a l .  

The i n t e r l a m i n a r  

The r e l a t i v e  magnitudes o f  the  i n t e r l a m i n a r  s t resses  f o r  i n -p lane  

bending and a x i a l  t e n s i o n  l e a d  t o  the  c o n c l u s i o n  t h a t :  Free-edges i n  t h e  

faces  o f  composite sandwiches and i n  t h e  composite members o f  t h i n - w a l l  

s t r u c t u r e s  a re  more l i k e l y  t o  delaminate when sub jec ted  t o  in -p lane  bending 

than  t o  comparable f a r - f i e l d  s t r e s s  due t o  a x i a l  t e n s i o n .  S ince no free-edge 

de lamina t ions  i n  such s t r u c t u r a l  components have been r e p o r t e d ,  t h e  p r a c t i c a l  

i m p l i c a t i o n  i s  t h a t  free-edge de lamina t ions  do n o t  occu r  i n  composi te 

s t r u c t u r a l  components/s t ructures when t h e y  a re  designed and f a b r i c a t e d  

a c c o r d i n g  to  accep tab le  eng ineer ing  p r a c t i c e s .  I t  i s  i m p o r t a n t  t h a t  t h e  
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free-edge de lamina t ions ,  d iscussed here,  a r e  those w i t h i n  the  APL and not 
between faces and core or i n  t h e  adhesive which bonds t h e  composite panels  i n  

b u i l t - u p  t h i n - w a l l  s t r u c t u r e s .  

CASE 7 .  T w i s t i n g  Moment 

Out-of-plane t w i s t i n g  moment ( F i g .  6 )  i s  another  p r e v a l e n t  l o a d i n g  

c o n d i t i o n  i n  the  faces o f  composi te sandwiches or i n  the  sk ins  o f  

s k i n - s t r i n g e r  s t r u c t u r e s .  Free edges i n  such s t r u c t u r e s  a re  common un less  

s p e c i f i c a l l y  p r o t e c t e d  by des ign .  No d e l a m i n a t i o n s  have been r e p o r t e d  i n  

composite s t r u c t u r a l  components from t h i s  t y p e  of l o a d i n g  as was the  s i t u a t i o n  

for Case 6 .  L i kew ise ,  computat ional  s i m u l a t i o n  s t u d i e s  f o r  t h i s  t ype  o f  

l o a d i n g  have n o t  been r e p o r t e d .  

The three-d imensional  s t r e s s  f i e l d  near  f r e e  edges i s  determined h e r e i n  

u s i n g  a c a n t i l e v e r  sub jec ted  t o  a f ree-end t w i s t i n g  moment as shown i n  

F i g .  6 .  

l am ina te  t h e o r y ) )  three-d imensional  s t r e s s  f i e l d  near t h e  f ree-edge i n  a 

C ~ l 0 l ~  A S / E  APL i s  shown i n  F i g .  13.  The i n t e r l a m i n a r  s t resses  have h i g h e r  

magnitudes compared t o  those f o r  t h e  a x i a l  t e n s i o n  case ( F i g .  9). The 

behavior  and magnitudes o f  t h e  i n -p lane  s t r e s s e s  oXx ,  oYy and oxy d i f f e r  

s i g n i f i c a n t l y  from the  a x i a l  t e n s i o n  case as w e l l  as from a l l  p r e v i o u s  cases. 

The normal ized ( w i t h  r e s p e c t  to  co r respond ing  uXx ( p r e d i c t e d  u s i n g  

The p r a c t i c a l  i m p l i c a t i o n  o f  t h e  r e s u l t s  i n  F i g .  13 i s  t h a t  a composi te 

s t r u c t u r a l  component w i t h  a r e l a t i v e l y  h i g h  aspect  r a t i o  and s u b j e c t e d  to  

t w i s t i n g  may be prone t o  free-edge d e l a m i n a t i o n .  Examples o f  these types o f  

composite s t r u c t u r a l  components i n c l u d e  channels,  Z and T shape s t r i n g e r s ,  

open w a l l  sec t i ons ,  i n  genera l  and h e l i c o p t e r  b lades.  Local  b u c k l i n g  o f  the  

f l anges  near f r e e  edges i s  a l s o  a common f a i l u r e  mode i n  these types o f  

s t r u c t u r a l  components, except  h e l i c o p t e r  b lades .  Any free-edge de lamina t ions  

w i l l  lower b u c k l i n g  r e s i s t a n c e  and, t h e r e f o r e ,  must be c a r e f u l l y  cons idered i n  

exper imental  s t u d i e s .  
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CASE 8 .  Combined Loading 

Combined a x i a l  tens ion/compress ion and i n  p lane  shear l o a d i n g  i s  

perhaps the  most common l o a d i n g  c o n d i t i o n  i n  t h i n  composite s t r u c t u r a l  

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

l o a d i n g .  Again,  no f ree-edge de lamina t ions  have been r e p o r t e d  i n  composi te 

s t r u c t u r a l  v e r i f i c a t i o n  t e s t s  from combined l o a d i n g  tens ion/compress ion and i n  

p lane  shear. S i m i l a r l y ,  corresponding a n a l y t i c a l  s t u d i e s  have n o t  been 

r e p o r t e d  e i t h e r .  

The combined l o a d i n g  ( a x i a l  t e n s i o n  w i t h  i n -p lane  shear)  induced f r e e  

edge s t resses  a r e  c o m p u t a t i o n a l l y  s imu la ted  u s i n g  t h e  composi te c a n t i l e v e r  

shown i n  F i g .  6. The no rma l i zed  ( w i t h  r e s p e c t  t o  co r respond ing  o X x )  

three-d imensional  s t r e s s  f i e l d  o b t a i n e d  i s  shown i n  F i g .  14 for  a C * l O l s  AS /E  

APL. The genera l  behav io r  i s  s i m i l a r  t o  t h a t  f o r  t h e  a x i a l  t e n s i o n  case 

( F i g .  9)  excep t  t h a t  t h e  magnitudes o f  t h e  t h r e e  i n t e r l a m i n a r  s t r e s s e s  a r e  

about t w i c e  those o f  t h e  a x i a l  t e n s i o n .  I n  e i t h e r  case these a re  a t  most 

about 4 p e r c e n t  o f  t h e  corresponding a x i a l  t e n s i o n .  S ince free-edge 

de lamina t ions  i n  composi te s t r u c t u r e s  sub jec ted  t o  combined a x i a l  t e n s i o n  and 

in -p lane  shear v e r i f i c a t i o n  t e s t s  have n o t  been r e p o r t e d  and s i n c e  t h e  

magnitudes o f  t h e  i n t e r l a m i n a r  f ree-edge s t resses  for  t h i s  combined l o a d i n g  

are  about t w i c e  those o f  a x i a l  t e n s i o n ,  i t  may be concluded t h a t  f ree-edge 

d e l a m i n a t i o n  occu rs  o n l y  i n  s p e c i a l l y  designed l a b o r a t o r y  specimens. 

CASE 9. Un i fo rm Thermal Load 

Composite s t ructures/components a r e  n o r m a l l y  sub jec ted  t o  changes i n  

temperatures.  Changes i n  temperatures induce thermal s t r e s s e s .  I n  a d d i t i o n ,  

composites i n h e r e n t l y  have i n i t i a l  thermal ( r e s i d u a l )  s t resses  which r e s u l t  

from t h e  f a b r i c a t i o n  process.  Thermal s t r e s s e s  a re  g e n e r a l l y  caused by ( 1 )  

t h e  d i f f e rence  between cu re  (about  370 O F  f o r  s t r u c t u r a l  epoxies)  and use 

temperature and ( 2 )  t h e  d i f f e r e n c e  between the  thermal expansion c o e f f i c i e n t s  
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along the fiber direction (about zero) and transverse to the fiber direction 

(about 20 parts per million). 

Though thermal stresses are known to cause transply cracks in composite 

laminates, the authors are not aware of any free-edge delaminations caused by 

thermal stress in either composite laboratory specimens or composite 

components. Also, the authors are not aware of any analytical studies to 

predict the temperature/moisture effects on the three-dimensional thermal 

stress field near free-edges. Prediction of these effects on the 

three-dimensional thermal stress field near-free edges, therefore was a part 

of this study. 

The three-dimensional thermal stresses are determined by subjecting the 

cantilever composite component (Fig. 6) to a 230 O F  uniform temperature which 

i s a reasonable operating temperature for composites made from structural 

epoxies. The normalized (with respect to corresponding oxx)  three-dimensional 

thermal stress field obtained near the free-edge is shown in Fig. 15 for a 

C~101~ AS/E APL. 

small free-edge region compared to those from the mechanical load cases. The 

magnitude of the free-edge thermal interlaminar stresses is about ten times 

that o f  the axial tension. 

have spikes with substantial magnitudes near the free-edge. 

The thermal interlaminar stresses are restricted to a very 

The ply in-plane stresses (oXx, oYz, and oxy) also 

One very interesting result in Fig. 15 is the presence of normal 

in-plane stresses (oXx and oYy> in the interply layer and the inplane shear 

stress (oxy> in the plies, adjacent to this interply layer, throughout the 

laminate. The normal stress in the interply layer are of considerable 

magnitude and may initiate transply cracks (micro cracks) under thermal 

cycling. Also, the in-plane thermal shear stress in the plies will contribute 

to interply delaminations emanating from the intersection of transply cracks 

and their adjacent plies. 
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I .  

The significance of free-edge thermal stress to free-edge delamination 

is two parts: (1) temperature increases cause compressive interlaminar stress 

(aZZ> and therefore will delay free-edge delamination in combined thermal and 

axial tension loading conditions; and ( 2 )  temperature decreases or residual 

stresses cause tensile interlaminar stress ( u Z z )  and therefore will aggravate 

free-edge delamination. Experimental verification/evaluation of either or 

both of these parts is not that simple since all the matr'ix properties depend 

significantly on (1) use temperature and ( 2 )  glass transition temperature. 

CASE 10. Uniform Moisture (Hygral) Load 

Fiber composites made from polymer-base matrices are known to absorb 

moisture. Moisture absorption induces hygral stresses in the laminate 

analogous to thermal stresses. Free-edge delaminations due to moisture have 

not been reported. Analytical studies to evaluate the three-dimensional 

hyg a1 stresses near the free-edge have not been reported either. Therefore, 

the present study included evaluation of the three-dimensional hygral stress 

fie d near free-edges. 

The free-edge hygral stresses are determined by subjecting the 

cantilever composite laminate (Fig. 6) to a uniform 1 percent moisture 

a b s o r p t i o n  by w e i g h t .  Th i s  m o i s t u r e  i s  considered t o  be t h e  amount o f  

moisture polymer-base composites will absorb when exposed to normal service 

environments. The three-dimensional hygral stress field obtained is shown in 

Fig. 16 for a C ~ l O l s  A S / E  A P L .  The behavior is similar to the thermal stress 

field case described in the previous section. The discussion for the thermal 

stress field applies to the hygral stress field in Fig. 16 as well. 

COMPARISONS 

In the previous sections, the three-dimensional stress field near the 

free-edge for each individual case was compared to the axial tension case. In 

13 



t h i s  s e c t i o n  we summarize t h e  free-edge i n t e r l a m i n a r  s t r e s s e s  (uZz and uXz) 

for  a l l  t h e  cases ( F i g .  6) u s i n g  b a r - c h a r t s .  

The maximum magnitude of i n t e r l a m i n a r  normal s t r e s s  (uZz) i s  summarized 

i n  F i g .  17 f o r  a l l  t he  cases. The p o i n t s  t o  be noted i n  t h i s  f i g u r e  a re :  ( 1 )  

A x i a l  t e n s i o n  (uXx) causes t h e  s m a l l e s t  uZz of a l l  t he  mechanical l o a d  cases 

s tud ied ;  ( 2 )  Through-the-thickness shear (axz)  causes t h e  l a r g e s t  uZz f o l l o w e d  

by t w i s t i n g  ( M x x ) ;  and (3) Both env i ronmenta l  loads ( temperature and mo is tu re )  

cause cons ide rab ly  l a r g e r  uZz magnitudes compared t o  mechanical loads.  The 

corresponding summary for t h e  i n t e r l a m i n a r  shear s t r e s s  (uXz> i s  shown i n  F i g .  

18. The o r d e r  of the c o n t r i b u t i o n s  of t h e  v a r i o u s  l o a d  cases i s  t he  same as 

f o r  uZZ ( F i g .  1 7 ) .  

The maximum magnitudes o f  b o t h  i n t e r l a m i n a r  s t resses  (uZz  and o , ~ )  are  

summarized i n  F i g .  19 for a l l  mechanical  l o a d  cases. I t  i s  c l e a r  from t h i s  

f i g u r e  t h a t  free-edge i n t e r l a m i n a r  shear s t r e s s  uXz i s  s u b s t a n t i a l l y  g r e a t e r  

(from 20 t o  200 p e r c e n t )  than uZz for a l l  cases except  f o r  t h e  

through- the- th ickness l am ina te  shear s t r e s s  (uXz) l o a d i n g  c o n d i t i o n .  The 

corresponding summary for  t h e  env i ronmenta l  loads i s  shown i n  F i g .  20. 

oXz i s  s u b s t a n t i a l l y  g r e a t e r  (by  more than  two t i m e s )  than uZz. 

Again,  

The major conc lus ion  from t h e  comparison summaries i s  t h a t  a x i a l  

t e n s i o n  causes the  s m a l l e s t  magnitude o f  t h e  free-edge i n t e r l a m i n a r  s t resses  

o f  a l l  t h e  mechanical and env i ronmenta l  l o a d  c o n d i t i o n s  s t u d i e d .  

SUMMARY OF RESULTS 

The r e s u l t s  o f  a s tudy  t o  e v a l u a t e  t h e  l am ina te  w i d t h  and l o a d i n g  

c o n d i t i o n  e f f e c t s  on f r e e  edge d e l a m i n a t i o n  s t r e s s  f i e l d s  a re  summarized below 

under ( A )  m o d e l i n g / s o l u t i o n ,  (B )  free-edge s t r e s s  f i e l d s  and ( C )  free-edge 

de 1 ami na t i on. 
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A .  M o d e l i n g / S o l u t i o n  

(1 )  Fu11-3D a n a l y s i s  i s  needed t o  adequate ly  d e s c r i b e  t h e  f ree-edge 

s t r e s s  f i e l d .  

( 2 )  A F i n i t e - t h i c k n e s s  i n t e r p l y  l a y e r  must be i n c l u d e d  i n  t h e  

computat ional  s i mu1 a t  i on. 

( 3 )  The e n t i r e  specimen geometry must be s imu la ted .  

( 4 )  Spec ia l  f ree-edge superelement w i t h  p r o g r e s s i v e  s u b s t r u c t u r i n g  i s  an 

e f f e c t i v e  s o l u t i o n  method fo r  l am ina te  f ree-edge problems. 

B. Free-Edge S t r e s s  F i e l d s  

( 1 )  Ply ang le  a f f e c t s  t h e  v a r i a t i o n  of a x i a l  s t r e s s  near t h e  f r e e  edge 

and i t s  peak v a l u e .  

s t r a i n  across t h e  specimen w i d t h  may be i n a c c u r a t e .  

Resu l t s  o f  analyses based on c o n s t a n t  a x i a l  

( 2 )  Width- to- th ickness ( w i t )  r a t i o  a f f e c t s  the  i n t e r l a m i n a r  normal s t r e s s  

( u Z z )  as fol lows: 

w / t  about 4 ,  uZt peaks ( reach i t s  maximum v a l u e ) ;  and ( 3 )  w / t  g r e a t e r  

t han  30, uZZ i s  n e g l i g i b l e .  

( 1 )  w / t  s m a l l e r  than 2, uZz i s  compressive;  ( 2 )  

( 3 )  Width- to- th ickness ( w / t >  r a t i o  a f f e c t s  the  i n t e r l a m i n a r  shear s t r e s s  

( 1 )  w / t  g r e a t e r  than 2, uXz remains  approx ima te l y  (uxz) as fo l lows: 

cons tan t ;  and ( 2 )  w / t  s m a l l e r  t han  2,  uXZ inc reases  r a p i d l y .  

( 4 )  Other  l o a d i n g  c o n d i t i o n s  cause r e l a t i v e l y  higher-magnitude free-edge 

i n t e r l a m i n a r  s t r e s s e s  compared t o  i n d i v i d u a l  a x i a l  s t r e s s .  

(5) Environmental  loads ( temperature and mo is tu re )  cause: ( 1 )  

s i g n i f i c a n t l y  h i g h e r  normal ized i n t e r l a m i n a r  s t resses  compared t o  

those due t o  mechanical loads,  ( 2 )  n e g l i g i b l e  i n -p lane  p l y  s t r e s s  and 

(3 )  h i g h  in-p lane i n t e r p l y  l a y e r  s t r e s s e s .  ( T h i s  l a t t e r  e f f e c t  can 

o n l y  be determined by i n c l u d i n g  a f i n i t e  t h i c k n e s s  i n t e r p l y  l a y e r  i n  

the  a n a l y s i s  model.) 

15 
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C. Free-Edge De lamina t ion  
I 

, ( 1 )  Edge-delamination i s  dominated by t h e  i n t e r l a m i n a r  shear s t r e s s  uXz, 

though i t  may be t r i g g e r e d  by t h e  i n t e r l a m i n a r  normal s t r e s s  oZz. 

(2 )  Width- to- th ickness ( w / t )  r a t i o s  o f  about  4 t o  8 y i e l d  the  h i g h e s t  

magnitudes f o r  uZz. A n a l y t i c a l  and/or  exper imenta l  r e s u l t s  o b t a i n e d  

u s i n g  laminates w i t h  t h i s  range o f  w / t  r a t i o s  can n o t  be scaled to  

a c t u a l  s t r u c t u r a l  components. 

(3 )  S t r u c t u r a l  components w i t h  w / t  r a t i o s  g r e a t e r  than 30 (which i s  

g e n e r a l l y  t he  case) a r e  n o t  l i k e l y  t o  delaminate a t  or near 

free-edges. 
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