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INTHODUCT ION 

The doub le  c a n t i l e v e r  beam specimen is wide ly  used for f r a c t u r e  toughness  

t e s t i n g .  Although f i r s t  in t roduced  t o  e v a l u a t e  adhesives, i t  has more 

r e c e n t l y  become popu la r  f o r  opening-mode (mode I) d e l a m i n a t i o n  t e s t i n g  of 

l amina ted  compos i t e s .  Adhesive t e s t s  o f t e n  i n v o l v e  aluminum adhe rends  and a 

d e b o n d - s t a r t e r  i n s e r t  a t  the loaded end  o f  t h e  specimen.  For compos i t e  

t e s t i n g ,  u n i d i r e c t i o n a l  (0' p l i e s )  a re  u s u a l l y  co-cured w i t h  t he  s t a r t e r  

i n s e r t  located a t  t he  specimen midplane.  Q u e s t i o n s  o f t e n  a r i se  when comparing 

double c a n t i l e v e r  beam (DCB) specimen r e s u l t s  from d i f f e r e n t  s o u r c e s  because  

of the d i f f e r e n t  adherend  materials used  or  because  of d i f f e r e n c e s  i n  adherend  

or a d h e s i v e  t h i c k n e s s e s .  S e v e r a l  t e s t  programs have  shown t h a t  specimen 

p a r a m e t e r s  c a n  i n f l u e n c e  f r a c t u r e  toughness  measurements ( re fs .  1 and  2 ) .  

S i m i l a r l y ,  a n a l y s e s  have  shown t h a t  specimen p a r a m e t e r s  can  i n f l u e n c e  t h e  

local  stress d i s t r i b u t i o n s  a round the  d e l a m i n a t i o n  f r o n t  ( r e f .  3 ) .  

The p r e s e n t  research was i n s p i r e d  by  these ea r l i e r  s t u d i e s ,  which 

emphasized the  need for a bet ter  u n d e r s t a n d i n g  o f  the DCB specimen. The 

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  was t o  i d e n t i f y  DCB specimen p a r a m e t e r s  t h a t  

i n f l u e n c e  t he  stress d i s t r i b u t i o n s  ahead o f  the d e l a m i n a t i o n .  Emphasis was 

p l a c e d  on a n a l y z i n g  stress d i s t r i b u t i o n s  rather t h a n  stress i n t e n s i t y  f a c t o r s  

s i n c e  DCB specimens w i t h  t he  same stress d i s t r i b u t i o n  shape  b u t  w i t h  d i f f e r e n t  

stress i n t e n s i t y  f a c t o r s  should produce t he  same toughness  v a l u e .  On t h e  

o t h e r  hand,  d i f f e r e n t  stress d i s t r i b u t i o n  s h a p e s  c a n  produce d i f f e r e n t  amounts 

of y i e l d i n g  dhead of t h e  de lamina t ion  and t h i s  may i n f l u e n c e  i n t e r l a m i n a r  

tnnghness i 

A two-dimensional  e las t ic  s t ress  a n a l y s i s  was conducted  u s i n g  a f i n i t e -  

e lement  model of a DCB specimen. The adhes ive  b o n d l i n e  as well as t h e  

adhe rends  were modeled. The model had a ve ry  h i g h  mesh r e f i n e m e n t  i n  t h e  
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a d h e s i v e  n e a r  t he  de lamina t ion  and had s i n g u l a r i t y  e l e m e n t s  a t  t h e  

d e l a m i n a t i o n  t i p .  

specimens.  T h i s  s t u d y  focused  on a n  aluminum DCB specimen and a 

g r a p h i t e / e p o x y  DCB specimen. Adhesive t h i c k n e s s e s  were v a r i e d  from t h a t  of 

co-cured l a m i n a t e s  t o  t h a t  of t h i c k  adhesive b o n d l i n e s .  I n  a d d i t i o n ,  t h e  

adhe rend  t h i c k n e s s  and s t i f f n e s s  were s t u d i e d  for t y p i c a l  v a l u e s  as well as 

for s e v e r a l  extreme values .  An a l l - r e s i n  DCB specimen w i t h o u t  d b o n d l i n e  was 

a l s o  a n a l y z e d  a s  a m o n o l i t h i c  r e f e r e n c e  case. 

The specimen d imens ions  were t y p i c a l  of c u r r e n t l y  used DCB 

R e s u l t s  were p r e s e n t e d  a s  stress d i s t r i b u t i o n s  for  the  loca l  r e g i o n  ahead 

o f  t he  d e l a m i n a t i o n  t i p .  These DCB stress d i s t r i b u t i o n s  were compared wi th  

one a n o t h e r  and also w i t h  a m o n o l i t h i c  r e f e r e n c e  case. The stress 

d i s t r i b u t i o n s  were used t o  estimate t h e  e x t e n t  of y i e l d i n g  ahead o f  a 

p r o p a g a t i n g  d e l a m i n a t i o n .  The y i e l d  zone s i z e s  were estimated f o r  a r a n g e  of 

a d h e s i v e  t h i c k n e s s e s .  F i n a l l y ,  the  y i e l d  zone areas and  h e i g h t s  were used i n  

a g e n e r a l  d i s c u s s i o n  o f  i n t e r l a m i n a r  f racture  toughness .  

c ~~~~ ~ 

SYMBOLS 
I 

d e l a m i n a t i o n  l e n g t h ,  m 

f l e x u r a l  s t i f f n e s s ,  Nm 

Young's modulus i n  l o n g i t u d i n a l  d i r e c t i o n ,  GPa 

YOUng'S modulus i n  t r a n s v e r s e  ( t h i c k n e s s )  d i r e c t i o n ,  GPa 

s t r a in  e n e r g y  re lease r a t e ,  J/m 2 

,. 
f r a c t u r e  t o u g h n e s s ,  J/mL 

shear modulus i n  l o n g i t u d i n a l - t r a n s v e r s e  p l a n e ,  GPa 

adherend t h i c k n e s s ,  m 

312 stress i n t e n s i t y  f a c t o r  (mode I ) ,  N / m  

c r i t i c a l  K N / m  312 
I' 

2 
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P a p p l i e d  load, N / m  

t a d h e s i v e  t h i c k n e s s ,  m 

X , Y  C a r t e s i a n  c o o r d i n a t e s ,  m 

A l e n g t h  of s i n g u l a r i t y  e l e m e n t ,  m 

P o i s s o n ’ s  r a t i o  

normal stress i n  x - d i r e c t i o n ,  MPa 

U normal stress i n  y - d i r e c t i o n ,  MPa 
Y 

‘yld 

‘I shear stress i n  x-y p l a n e ,  MPa 
XY 

‘LT 

Ox 

adliesive yieid stress, fiPa 

FINI‘TE ELEMENT ANALYSIS 

F i g u r e  1 shows t h e  DCB specimen c o n f i g u r a t i o n  and  l o a d i n g  a n a l y z e d  i n  

t h i s  s t u d y .  A s  p r e v i o u s l y  mentioned, t h e  specimen d imens ions  and materials 

were s e l e c t e d  t o  r e p r e s e n t  t hose  t y p i c a l  o f  c u r r e n t l y  used t e s t  specimens.  

Notice t h a t  h r e p r e s e n t s  t he  t h i c k n e s s  of each a d h e r e n d ;  whereas, t r e p r e s e n t s  

t h e  t o t a l  t h i c k n e s s  of the  adhesive l a y e r .  The d e l a m i n a t i o n  was assumed t o  be 

s y m m e t r i c a l l y  l o c a t e d  a t  t h e  c e n t e r  o f  t h i s  a d h e s i v e  l a y e r .  

t h e  d e l a m i n a t i o n  t i p  w i l l  be called a crack t i p .  

d e l a m i n a t i o n  l e n g t h  was used and the  c o o r d i n a t e  o r i g i n  was l o c a t e d  a t  t h e  

crack t i p ,  as  shc>wn. The adhes ive  p r o p e r t i e s  used th roughou t  t h i s  s t u a y  were 

t y p i c a l  of a b r i t t l e  epoxy. 

p r o p e r t i e s  a re  stiown i n  Table 1 .  

For conven ience ,  

For a l l  cases, a 50 mm 

These material p r o p e r t i e s  as  well as the  adhe rend  

Because of ,nidplane symmetry,  o n l y  t h e  upper h a l f  of t h e  DCB specimen was 

modeled i n  the f i n i t e  e l emen t  a n a l y s e s .  

p l a n e  s t r a i n  c o n d i t i o n s .  

f i g u r e  2. This ’ two-d imens iona l  model c o n s i s t s  of e igh t -noded ,  p a r a b o l i c  

e l emen t s .  The e n l a r g e d  p o r t i o n s  of t h e  model show the mesh r e f i n e m e n t  i n  t h e  

The model was c o n s t r a i n e d  t-n prrnduee 

The r e g i o n  n e a r  t h e  d e l a m i n a t i o n  t i p  is shown i n  
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a d h e s i v e  n e a r  the d e l a m i n a t i o n  t i p .  A t  t h e  d e l a m i n a t i o n  t i p ,  q u a r t e r - p o i n t  

s i n g u l a r i t y  e lements  i n  t h e  form o f  t r i a n g l e s  ( ref .  4, 5 ,  and 6) were used.  

The s i n g u l a r i t y  e l emen t  s i z e  A was e q u a l  t o  0.00002 mm. Thc p o l a r  mesh 

a r r angemen t  near  t h e  crack t i p  was e x p e c t e d  t o  produce a n  accurate 

r e p r e s e n t a t i o n  of  t h e  c r a c k - t i p  stress f i e l d .  The e n t i r e  f i n i t e  e l emen t  model 

had 520 e l emen t s  w i t h  1667 nodes.  The model was e x p e c t e d  t o  produce a c c u r a t e  

stress d i s t r i b u t i o n s  th roughou t  t h e  DCB specimen. The stresses were 

c a l c u l a t e d  a t  nodal  p o i n t s .  

The s t ra in  ene rgy  re lease r a t e  f o r  d e l a m i n a t i o n  growth was ca l cu la t ed  

u s i n g  the v i r t u a l  crack c l o s u r e  t e c h n i q u e  ( r e f .  71, which i n v o l v e s  t h e  forces 

ahead o f  t h e  c rack  t i p  and t h e  d i s p l a c e m e n t s  behind the  crack t i p .  R e f e r r i n g  

t o  t he  q u a r t e r - p o i n t  s i n g u l a r i t y  e l e m e n t s  i n  f i g u r e  2 ,  t h e  s t r a i n  e n e r g y  

release r a t e  is o b t a i n e d  as ( r e f .  8 )  

12 - 3a ( v ~  - v ) + ( 6 n  - ~ O ) ( V  - v ) I  1 G = - -  
I 28 F y i t  2 m '  1 I '  

v - v  
+ V  - V  j~ m m'  

1 1' + F  I 
y j  

where F . and F are  the  f o r c e s  i n  t h e  y - d i r e c t i o n  a t  nodes  i and j .  The 
Y l  y j  

terms v - v and v1 - v 

m '  and between 1 and 1') r e s p e c t i v e l y .  Note t h a t  t h e  nodes  j and 1 are  t h e  

are  the  re la t ive  d i s p l a c e m e n t s  between nodes  m and m m '  1' 

The s t ress  i n t e n s i t y  f a c t o r s  c a n  be  computed from 

KI -/EG,.;T;"; - 

where E and v a r e  t he  Young's modulus and P o i s s o n ' s  r a t i o  of t h e  a d h e s i v e .  
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RESULTS A N D  DISCUSSION 

The r e s u l t s  are  p r e s e n t e d  i n  three s e c t i o n s .  F i r s t ,  r e s u l t s  are  

The f i n i t e  e l emen t  model was p r e s e n t e d  for a n  aluminum DCB specimen. 

e v a l u a t e d  by comparing t h e  stress d i s t r i b u t i o n s  and stress i n t e n s i t y  factors  

f o r  t he  aluminum DCB specimen wi th  known s o l u t i o n s  for  a m o n o l i t h i c  case. 

Next,  the  stress d i s t r i b u t i o n s  ahead of the  crack are a n a l y z e d  for  a r a n g e  o f  

DCB specimen p a r a m e t e r s  u s i n g  t h e  g r a p h i t e / e p o x y  specimen. F i n a l l y ,  these 

e l a s t i c  stresses are  used t o  e s t i r i t e  y i e l d i n g  near the  crack t i p .  

Aluminum DCB Specimen 

F i g u r e  3 shows t h e  o x  and (I d i s t r i b u t i o n s  a l o n g  the  a d h e s i v e  midplane Y 
computed for the  aluminum DCB specimen s u b j e c t e d  t o  a u n i t  load. T h i s  

specimen r e p r e s e n t s  an a d h e s i v e  bonding case h a v i n g  a t y p i c a l  adhesive 

t h i c k n e s s  of 0.10 mm. 

0) .  However, as e x p e c t e d ,  (I is t h e  dominant stress f o r  t h i s  opening-mode 

specimen. Notice t h a t  o becomes compress ive  beyond a b o u t  3 mm from t h e  crack 

t i p  and g r a d u a l l y  decays  t o  z e r o  by abou t  20 mm. The u i n t e g r a l  e q u a l s  t he  

a p p l i e d  load P.  The r ema inde r  of t h i s  pape r  w i l l  f o c u s  on t he  o 

d i s t r i b u t i o n s  and w i l l  emphasize t he  loca l  r e g i o n  v e r y  n e a r  t h e  crack t i p .  

Both ox and u have peak v a l u e s  a t  the  crack t i p  ( x  = 
Y 

Y 

Y 

Y 

Y 

The (I stress d i s t r i b u t i o n  from f i g u r e  3 is r e p l o t t e d  as  t h e  s o l i d  c u r v e  
Y 

i n  f i g u r e  4 u s i n g  log - log  c o o r d i n a t e s .  For comparison,  t h e  dashed curve i n  

f igure 4 r e p r e s e n t s  t h e  m o n o l i t h i c  ( a l l - r e s i n )  DCB specimen t h a t  was used as a 

reference case. The upper  p a r t  o f  t h i s  dashed c u r v e  is s t r a i g h t  and has t h e  

e x p e c t e d  -1 /2  s l o p e  a s s o c i a t e d  with crack s i n g u l a r i t i e s .  The l i n e a r  p o r t i o n  

of t h e  dashed c u r v e  a l s o  i n d i c a t e s  t h e  stress i n t e n s i t y  l e v e l  f o r  t h e  

monolithic case. 

d i r e c t l y  from the  dashed c u r v e ,  was 370 N / m 3 l 2 .  

c a l c u l a t e d  u s i n g  e q u a t i o n  ( 2 )  and t h e  v i r t u a l  crack c l o s u r e  t e c h n i q u e ,  

The co r re spond ing  stress i n t e n s i t y  f a c t o r  KI, c a l c u l a t e d  

312 T h i s  agrees w i t h  375.4 N / m  



e q u a t i o n  ( 1 ) .  Also, the  closed-form s o l u t i o n  from r e f e r e n c e  9 was a p p l i c a b l e  

f o r  t h i s  m o n o l i t h i c  c a s e  and produced a KI  v a l u e  of 3'17.1 N / m 3 / ?  

a c c u r a c y  demonstrated f o r  t h i s  m o n o l i t h i c  case is be l ieved  t o  b e  

r e p r e s e n t a t i v e  of t h e  o t h e r  DCB cases s i n c e  t h e  same f i n i t e - e l e m e n t  model and 

The 

a n a l y s i s  p rocedures  were used  th roughou t  t h i s  s t u d y .  

Comparison of t h e  s o l i d  c u r v e  i n  f i g u r e  4 w i t h  t h e  dashed r e f e r e n c e  c u r v e  

shows t h a t  t h e  aluminum DCB specimen has,  as e x p e c t e d ,  t h e  same stress 

g r a d i e n t  i n  t h e  s i n g u l a r i t y - d o m i n a t e d  r e g i o n .  However, t h e  aluminum DCB case 

has  a lower s t r e s s  i n t e n s i t y  f a c t o r  because  i ts  c u r v e  is lower .  A stress 

i n t e n s i t y  f a c t o r  o f  84.1 N/m3l2 was c a l c u l a t e d  f o r  t h i s  aluminum DCB case 

u s i n g  the  v i r t u a l  c r a c k  c l o s u r e  t e c h n i q u e .  S t r e s s  i n t e n s i t y  factors  

c a l c u l a t e d  by t h i s  t e c h n i q u e  a re  g i v e n  i n  T a b l e  1 f o r  a l l  cases a n a l y z e d .  The 

KI s o l u t i o n  from r e f e r e n c e  9 does n o t  a p p l y  t o  the  DCB specimen when t h e  

adhe rend  and adhes ive  p r o p e r t i e s  a re  d i f f e r e n t .  

To e s t i m a t e  t h e  e x t e n t  o f  y i e l d i n g  ahead  o f  t h e  crack t i p ,  the  loads for 

t h e  two cases i n  f igure  4 were s c a l e d  up t o  produce a l ' c r i t i ca l"  c o n d i t i o n  a t  

t h e  crack t i p .  For e a c h  c u r v e ,  t he  u n i t  l oad  was m u l t i p l i e d  by the  r a t i o  
3/2 K I c / K I ,  where KIc is t h e  a d h e s i v e  f racture  t o u g h n e s s ,  1.18 MN/m 

T h i s  p r o c e d u r e  is based on t h e  s i m p l i f y i n g  a s sumpt ion  t h a t  t h e  crack growth is 

( r e f .  IO). 

c o n t r o l l e d  comple t e ly  by t h e  e l a s t i c  K I  l e v e l  a t  t h e  crack t i p .  As a r e s u l t ,  

when t h e  d i f f e r e n t  cases were scaled up t o  t h e  same K l e v e l ,  t h e  l i n e a r  

p o r t i o n s  of the  stress d i s t r i b u t i o n s  n e a r  t h e  crack t i p  were i d e n t i c a l .  These 

I C  

scaled c u r v e s  and  t h e  c o r r e s p o n d i n g  l o a d s  are  shown i n  f i g u r e  5. T h i s  

comparison i l l u s t r a t e s  a "hump" i n  t h e  (7 d i s t r i b u t i o n  f o r  t h e  aluminum DCB 

specimen. I n  the  r e g i o n  0.1 t o  1 mm ahead of t h e  crack t i p ,  t h e  a stresses 

i n  t h e  aluminum DCB a r e  abou t  three times h i g h e r  t h a n  t h o s e  f o r  t h e  m o n o l i t h i c  

Y 

Y 

case. The large d i f f e r e n c e  i n  t h e  Young's moduli f o r  t h e  adhe rend  and 
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a d h e s i v e  (71.0 GPa compared t o  3.45 GPa)  is b e l i e v e d  t o  be r e s p o n s i b l e  f o r  

t h i s  e f fec t .  I n  r e f e r e n c e  3 ,  Wang e t  a1 i n t e r p r e t e d  t h i s  effect  as a 

r e d u c t i o n  i n  the  s i z e  o f  t h e  s ingu la r i ty -domina ted  r e g i o n  n e a r  t h e  crack. 

However, t h e  p r e s e n t  r e s u l t s  sugges t  t h a t  t h e  e f fec t  is superposed  on  the 

s i n g u l a r i t y - d o m i n a t e d  stress d i s t r i b u t i o n .  

Because u is the  dominant stress ahead of t h e  crack t i p ,  t h e  s c a l e d  
Y 

IJ c u r v e s  i n  f i g u r e  5 were compared w i t h  t he  r e s i n  y i e l d  stress t o  estimate 

tne e x t e n t  of y i e l Q i n g  associated with crack growth.  The dashed  c u r v e  exceeds 

t h e  4 4  MPa r e s i n  y i e l d  stress (ref. 1 1 )  f o r  a d i s t a n c e  of o n l y  abou t  0.1 mm 

ahead of t h e  crack t i p .  I n  c o n t r a s t ,  t h e  e l e v a t e d  stresses for  t h e  aluminum 

Y 

DCB c a s e  exceed  t h i s  y i e l d  level f o r  a b o u t  1 mm. Although the  e l e v a t e d  Q 

stresses e x t e n d  the  l e n g t h  o f  t he  c r a c k - t i p  y i e l d  zone ,  t he  t h i c k n e s s  of t h e  

a d h e s i v e  l a y e r  limits the  h e i g h t  of t h e  zone. These competing i n f l u e n c e s  on 

the  y i e ld -zone  area w i l l  be d iscuvsed  i n  a subsequen t  s e c t i o n  u s i n g  the  von 

Mises y i e l d  c r i t e r i o n .  For b r i t t l e  a d h e s i v e s ,  crack growth may produce l i t t l e  

p l a s t i c i t y  ahead of the  crack t i p  and,  t h e r e f o r e ,  may be c o n t r o l l e d  e n t i r e l y  

by t h e  s i n g u l a r i t y - d o m i n a t e d  r eg ion  close t o  the  crack t i p .  For tough 

a d h e s i v e s ,  however,  crack growth y i e l d s  t h e  adhesive well ahead of t h e  c r a c k  

t i p  and t h e  s i z e  of t he  p l a s t i c  zone w i l l  be i n f l u e n c e d  by t h e  e l e v a t e d  Q 

stresses shown i n  f i g u r e  5. The e x t e n t  of y i e l d i n g  ahead of t h e  crack t i p  may 

i n f l u e n c e  t he  toughness  measurements o b t a i n e d  w i t h  DCB specimens.  T h i s  

i n f l u e n c e  w i l l  be discussed l a t e r  i n  t h i s  pape r .  

Y 

Y 

F i g u r e  6 shows t h e  stress d i s t r i b u t i o n s  a l o n g  t h e  adherend-adhes ive  

i n t e r f a c e  n e a r  t h e  c r a c k  t i p .  Reca l l  t h a t  t h e  crack is l o c a t e d  a t  t h e  

a d h e s i v e  midplane.  

whereas, u and .I ac t  on t h e  i n t e r f a c e .  A l l  three stress components have 

peaks  n e a r  t h e  Cl-dCk-tip r e g i o n .  The shear stress r e g i o n  is rather  small a n d ,  

The ax stress i n  f i g u r e  6 ac t s  p a r a l l e l  t o  t h e  i n t e r f a c e ;  

Y X Y  
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as  e x p e c t e d ,  u is t h e  dom n a n t  stress component. T h i s  e l a s t i c  stress 

exceeds  t h e  44 MPa r e s i n  y e l d  s t r e n g t h  f o r  a d i s t a n c e  o f  a b o u t  1 mm ahead of 

t h e  crack t i p .  Also, t h e  h i g h  stresses shown i n  f i g u r e  6 c o u l d  c a u s e  a n  

i n t e r f a c i a l  f a i l u r e  which would s h i f t  t h e  crack t i p  from t h e  a d h e s i v e  midplane 

t o  t he  i n t e r f a c e .  Although such  i n t e r f a c i a l  f a i l u r e s  a re  i m p o r t a n t ,  t h e y  are 

beyond t h e  scope o f  t h e  p r e s e n t  s t u d y .  

Y 

Graphi te /Epoxy DCB Specimen 

The g raph i t e / epoxy  DCB specimen was modeled u s i n g  p r o p e r t i e s  for 
0 T300/5208, see Table 1 .  The adhe rends  each r e p r e s e n t e d  twe lve  0 p l i e s .  The 

a d h e s i v e  was 0.01 mm t h i c k ,  c o r r e s p o n d i n g  t o  a " r e s i n - r i c h t l  i n t e r f a c e  i n  a co- 

cu red  l a m i n a t e .  This  case has material p r o p e r t i e s  and d imens ions  t h a t  a r e  

t y p i c a l  of c u r r e n t  g r a p h i t e / e p o x y  specimens and  w i l l  t h e r e f o r e  be used as a 

r e f e r e n c e  case for  subsequen t  d i s c u s s i o n s .  The u d i s t r i b u t i o n  f o r  t h i s  

r e f e r e n c e  case is shown i n  f i g u r e  7 ,  where i t  is compared w i t h  t h e  c u r v e s  for  

t h e  aluminum DCB and the  m o n o l i t h i c  specimens (from f i g u r e  5 ) .  A s  i n  f i g u r e  

5 ,  a l l  three curves i n  f i g u r e  7 have been scaled up t o  the  c r i t i c a l  c r a c k - t i p  

c o n d i t i o n  for  c rack  growth. The g r a p h i t e / e p o x y  c u r v e  shows a n  e l e v a t i o n  i n  

t he  u stresses, l i k e  t h e  aluminum specimen,  bu t  i t  is less pronounced and 

o c c u r s  c l o s e r  t o  t h e  c r a c k  t i p .  Comparison o f  t h e  three c u r v e s  a t  the r e s i n  

y i e l d  stress (44 MPa) shows t h a t  t h e  a d h e s i v e  i n  the g r a p h i t e l e p o x y  specimen 

would y i e i d  about tnree times fa r ther  i n  t h e  x - d i r e c t i o n  t h a n  t h a t  f o r  

m o n o l i t h i c  case b u t  o n l y  a b o u t  o n e - t h i r d  as f a r  a s  the aluminum case. The 

d i f f e r e n c e  i n  t h e  u d i s t r i b u t i o n s  c a n  be re la ted  t o  t h e  d i f f e r e n c e s  i n  t h e  

e l a s t i c  p r o p e r t i e s  and specimen d imens ions  f o r  t he  g r a p h i t e  and aluminum 

specimens.  In the  remainder  o f  t h i s  s e c t i o n ,  t h e  e f f ec t s  of these specimen 

p a r a m e t e r s  on t h e  u d i s t r i b u t i o n  w i l l  be a n a l y z e d .  

Y 

Y 

Y 

Y 
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E f f e c t s  of adhesive t h i c k n e s s . -  The e f fec ts  of a d h e s i v e  t n i c k n e s s  a re  

i l l u s t r a t e d  i n  f i g u r e  8. Four adhes ive  t h i c k n e s s e s  were used w i t h  t h e  same 

adherend p r o p e r t i e s  and  t h i c k n e s s  (1 .65 m m ) .  As p r e v i o u s l y  mentioned,  t h e  

c u r v e  for t 5 0.01 mm r e p r e s e n t s  a co-cured l a m i n a t e .  The cu rve  f o r  t = 0.10 

mm r e p r e s e n t s  a n  adhesively-bonded specimen. N o t i c e  t h a t  t h e  f o u r  c u r v e s  

a g r e e  w i t h  one  a n o t h e r  n e a r  t h e  c rack  t i p ,  i n d i c a t i n g  the  same KI v a l u e  for 

a l l  f o u r  adhesive t h i c k n e s s e s .  T h i s  shows t h a t  t he  adhesive t h i c k n e s s  h a s  

v e r y  l i t t l e  i n f l u e n c e  on t h e  stress i n t e n s i t y  f a c t o r s .  However, beyond t h i s  

ve ry  local r e g i o n  n e a r  t h e  crack t i p ,  t he  f o u r  c u r v e s  d i f f e r .  The u stresses 

are e l e v a t e d  most f o r  t = 0.01 mm ( g r a p h i t e / e p o x y  r e f e r e n c e  case) and have  a 
Y 

n e a r l y  l i n e a r  d i s t r i b u t i o n  for t h e  ex t reme case w i t h  t = 0.66 mm. 

Effects of adherend f l e x u r a l  s t i f f n e s s . -  The e f f ec t s  o f  adherend  

t h i c k n e s s  are i l l u s t r a t e d  by f i g u r e  9. 

r e f e r e n c e  case, t h e  1 .65  mm adherend t h i c k n e s s  r e p r e s e n t s  12  g r a p h i t e / e p o x y  

p l i e s .  

Recall t h a t  for the  g r a p h i t e / e p o x y  

The h = 2.20 mm and 1 . 1 0  mm cases co r re spond  t o  16  and 8 p l i e s  and 

have  d i f f e r e n t  stress i n t e n s i t y  f a c t o r s .  

cases have  been scaled t o  c o i n c i d e  w i t h  the  r e f e r e n c e  c u r v e  n e a r  t he  crack 

However, t h e  c u r v e s  f o r  these  two 

t i p .  The three c u r v e s  i n  f i g u r e  9 a g r e e  w i t h  o n e  a n o t h e r  o v e r  most of t h e  

r a n g e ,  showing t ha t ,  a l t h o u g h  t h e  adherend  t h i c k n e s s  i n f l u e n c e s  KI, it has 

l i t t l e  i n f l u e n c e  on the  shape  of t h e  o d i s t r i b u t i o n  f o r  these t h i n  bond l i n e  
Y 

cases. R e s u l t s  i n  r e f e r e n c e  1 2  showed t h a t  adherend  t h i c k n e s s  had a small 

effect on the  DCB c r i t i c a l  s t ra in  ene rgy  release r a t e  GIc. 

A similar small e f f ec t  on t h e  shape  o f  the o d i s t r i b u t i o n s  is shown i n  

The r e f e r e n c e  g r a p h i t e / e p o x y  
Y 

f i g w e  1c) fer c? r m g e  of adherend s t i f f n e s s e s .  

case is compared w i t h  a similar c a s e  t h a t  d i f fers  o n l y  i n  t he  v a l u e  of 

l o n g i t u d i n a l  s t i f f n e s s  Et used .  

was scaled so t h a t  t h e  two c u r v e s  would a g r e e  over t he i r  l i n e a r  p o r t i o n s .  

Again,  t h e  load for  t h e  non- re fe rence  case 

9 



The two comparisons u s i n g  d i f f e r e n t  adherend  t h i c k n e s s e s  and moduli  from 

f i g u r e s  9 and  10  a r e  combined i n  f i g u r e  1 1 .  For  t h i s  f i g u r e ,  t h e  adhe rend  

modulus was a d j u s t e d  for each of t h e  non- re fe rence  adherend  t h i c k n e s s e s  so 
3 t h a t  a l l  three cases had t h e  same bending  s t i f f n e s s  D (D=E h / 12 ) .  

was n o t  r e q u i r e d  t o  produce the  n e a r l y  p e r f e c t  agreement  between the  three 

c u r v e s .  T h i s  i l l u s t r a t e s  t h a t  spec imens  w i t h  d i f f e r e n t  adhe rend  l o n g i t u d i n a l  

moduli  EL and adherend t h i c k n e s s e s  h w i l l  have n e a r l y  i d e n t i c a l  0 

d i s t r i b u t i o n s  and i d e n t i c a l  s t ress  i n t e n s i t y  fac tors  i f  t h e y  have t h e  same 

bending  s t i f f n e s s .  

S c a l i n g  L 

Y 

E f fec t s  of adherend t r a n s v e r s e  s t i f f n e s s . -  The las t  specimen pa rame te r  

i n v e s t i g a t e d  was E t h e  t r a n s v e r s e  s t i f f n e s s  fo r  the  adherend .  R e s u l t s  f o r  

two cases w i t h  d i f f e r e n t  ET v a l u e s  are shown i n  f i g u r e  12. 

is compared w i t h  a s imilar  case d i f f e r i n g  o n l y  i n  the  ET v a l u e  used .  

cases had t h e  same stress i n t e n s i t y  factor .  

s i g n i f i c a n t l y  h i g h e r  u v a l u e s  beyond t h e  l i n e a r  p o r t i o n s  of' these c u r v e s .  

Because t h e  h i g h e r  ET v a l u e  used  i n  f i g u r e  1 2  is rather  e x t r e m e ,  a second 

comparison was made. F i g u r e  1 3  shows t h e  r e f e r e n c e  case d g a i n  b u t  compares  i t  

w i t h  a n  aluminum DCB specimen hav ing  t h e  same a d h e s i v e  t h i c k n e s s  and  bending  

s t i f f n e s s .  Based on t h e  p r e v i o u s l y  d i s c u s s e d  compar isons ,  t h e  d i f f e r e n c e  

between these two c u r v e s  i n  f i g u r e  13 was a t t r i b u t e d  m o s t l y  t o  t h e i r  d i f f e r e n t  

E v a l u e s .  The aluminum DCB specimen has a n  ET t h a t  is a b o u t  f i v e  times t h a t  

for  t h e  g raph i t e / epoxy  r e f e r e n c e  case. T h i s  d i f f e r e n c e  produced u l e v e l s  i n  

t h e  r e g i o n  of the  hump t h a t  were twice as large as t h e  r e f e r e n c e  case. 

T '  

The r e f e r e n c e  c a ~ e  

The two 

The h i g h e r  v a l u e  of  ET produced 

Y 

T 

Y 

The charac te r i s t ic  hump i n  t h e  u d i s t r i b u t i o n  a p p e a r s  t o  be i n f l u e n c e d  

by the  adherend  s t i f f n e s s  i n  t h e  t h i c k n e s s  d i r e c t i o n  and does n o t  seem t o  be 

i n f l u e n c e d  by the adherend  s t i f f n e s s  i n  t he  l o n g i t u d i n a l  d i r e c t i o n .  T h i s  may 

Y 



be an impor t an t  c o n s i d e r a t i o n  when comparing DCB t e s t  r e s u l t s  o b t a i n e d  u s i n g  

d i f f e r e n t  adherends .  

Yield Zone E s t i m a t e s  

S e v e r a l  s t u d i e s  have  shown t h a t  a d h e s i v e  t h i c k n e s s  i n f l u e n c e s  GIc 

measurements made w i t h  DCB specimens ( for  example ref. 1 and  1 0 ) .  To 

i n v e s t i g a t e  t h i s  i n f l u e n c e ,  adhes ive  y i e l d  zones  were estimated f o r  a r a n g e  of 

a d h e s i v e  t h i c k n e s s e s  i n  aluminum specimens.  The l o c a l  stresses co r re sponded  

t o  c r i t i c a l  c o n d i t i o n s  a t  t h e  crack t i p  ( K  Y i e l d i n g  was 

c a l c u l a t e d  u s i n g  t h e  44  MPa adhesive y i e l d  s t ress  w i t h  t h e  von Mises y i e l d  

= 1.18 MN/m3"). I 

c r i t e r i o n .  F i g u r e  1 4  p r e s e n t s  sketches o f  t he  estimated y i e l d  zones  f o r  s i x  

of t h e  a d h e s i v e  t h i c k n e s s e s .  These ske tches  r e p r e s e n t  t h e  upper  h a l f  o f  t he  

y i e l d  zone. As expec ted ,  f i g u r e  14(a) shows tha t  y i e l d i n g  developed  

comple t e ly  th rough  the  a d h e s i v e  for t h e  0.01 mm case. The zone for t h i s  case 

is q u i t e  e l o n g a t e d ,  h a v i n g  a l e n g t h  o f  abou t  15 times the a d h e s i v e  t h i c k n e s s .  

For the  0.10 mm case, a t y p i c a l  adhes ive  bond t h i c k n e s s ,  y i e l d i n g  a lso 

ex tended  t o  t h e  adherend-adhes ive  i n t e r f a c e  b u t  t h e  y i e l d  zone l e n g t h  is o n l y  

about  2.5 times t h e  adhes ive  t h i c k n e s s .  The n e x t  case of t = 0.36 mm 

c o r r e s p o n d s  t o  a t h i c k  a d h e s i v e  bond. Y i e l d i n g  e x t e n d s  t o  t h e  i n t e r f a c e  and 

t h e  y i e l d  zone is nearly s q u a r e .  For the  0.36 mm case, t h e  y i e l d  zone h a s  t he  

l a r g e s t  h e i g h t  b u t  does n o t  ex tend  t o  t h e  i n t e r f a c e .  For even  l a r g e r  v a l u e s  

of t ,  the  y i e l d  zones  become s m a l l e r .  

The y i e l d  zone areas and h e i g h t s  a re  p l o t t e d  i n  f i g u r e  15 f o r  t h e  f u l l  

r a n g e  of a d h e s i v e  t h i c k n e s s e s  i n v e s t i g a t e d .  The zone areas i n c r e a s e  a b r u p t l y  

w i t h  a d h e s i v e  t h i c k n e s s  and reach a maximum n e a r  t = 0.3 mm. For larger t 

v a l u e s ,  the  a r e a a  decrease and  appear  t o  approach  a l i m i t .  T h i s  t r e n d  i n  

t h e  p l a s t i c  zone areas a g r e e s  q u a l i t a t i v e l y  wi th  t h e  o b s e r v a t i o n  tha t  G has 

a peak l e v e l  for i n c r e a s i n g  v a l u e s  o f  adhesive t h i c k n e s s .  However, as 
I C  



d i s c u s s e d  i n  r e f e r e n c e  13 ,  t he  p l a s t i c  zone area s h o u l d  c o r r e l a t a  be t t e r  wi th  

t h e  p l a s t i c  energy d i s s i p a t i o n  a s s o c i a t e d  w i t h  l o a d i n g  t h e  specimen up t o  t h e  

c r i t i c a l  c o n d i t i o n  ra ther  t h a n  w i t h  t h e  e n e r g y  d i s s i p a t i o n  d u r i n g  crack 

growth. A s  t h e  crack grows,  t h e  act ive p l a s t i c  zone may s imply  t r a n s l a t e  by 

t h e  amount o f  crack growth. The p l a s t i c  e n e r g y  d i s s i p a t i o n  associated w i t h  a n  

increment  o f  c r ack  growth s h o u l d  be re la ted  t o  t h e  volume o f  ltnewll material 

t h a t  y i e l d s  ahead of t h e  p l a s t i c  zone as i t  moves. T h i s  volume i s  

p r o p o r t i o n a l  t o  t h e  p l a s t i c  zone h e i g h t .  The lower c u r v e  i n  f i g u r e  15 shows 

the  c a l c u l a t e d  p las t ic  zone h e i g h t s .  Although l e s s  pronounced, t h e  zone- 

h e i g h t  curve a l s o  has a peak l i k e  t h a t  shown f o r  t h e  zone - s i ze  curve.  The 

e l a s t o p l a s t i c  a n a l y s i s  i n  r e f e r e n c e  13 f o r  a compact t e n s i o n  specimen shows 

t h a t  t h e  p l a s t i c  ene rgy  d i s s i p a t i o n  d u r i n g  crack growth c o r r e l a t e d  q u i t e  well 

w i th  p l a s t i c  zone h e i g h t  b u t  c o r r e l a t e d  p o o r l y  w i t h  zone s i z e .  A d d i t i o n a l  

i n s i g h t  r e g a r d i n g  t h e  DCB p l a s t i c  zone area and h e i g h t  cou ld  be p r o v i d e d  by a n  

e l a s t o p l a s t i c  a n a l y s i s  o f  crack growth similar t o  t h a t  i n  r e f e r e n c e  13. 

CONCLUDING REMARKS 

An e l a s t i c  stress a n a l y s i s  was conduc ted  f o r  a d o u b l e  c a n t i l e v e r  beam 

(DCB) specimen,  u s i n g  two-dimensional f i n i t e - e l e m e n t  methods. 

accoun ted  f o r  o r t h o t r o p i c  adhe rend  p r o p e r t i e s ,  the a d h e s i v e  layer between the  

adhe rends ,  and t h e  s i n g u l a r i t y  a t  t h e  a e l a m i n a t i o n  t i p .  The pu rpose  o f  t h i s  

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

n e a r  t h e  crack t i p .  The s t u d y  focused  on a n  aluminum DCB specimen,  t y p i c a l  o f  

adhesively-bonded j o i n t s ,  and on a g r a p h i t e / e p o x y  specimen r e p r e s e n t i n g  a co- 

c u r e d  compos i t e .  Opening-mode (J stresses ahead o f  t he  crack were c a l c u l a t e d  

and compared w i t h  s imilar  stresses f o r  a m o n o l i t h i c  r e f e r e n c e  specimen.  

T h i s  a n a l y s i s  

Y 

12 



I n  t he  s i n g u l a r i t y - d o m i n a t e d  r eg ion  v e r y  n e a r  t h e  crack t i p ,  t h e  (I 
Y 

d i s t r i b u t i o n  f o r  the  DCB specimen had the  same s l o p e  a s  t h e  opening-mode 

stresses for the  m o n o l i t h i c  specimen. However, beyond t h i s  l o c a l i z e d  r e g i o n ,  

t he  s h a p e s  of t h e  o d i s t r i b u t i o n s  were d i f f e r e n t ;  stresses for the  DCB 

specimen were abou t  twice as large a s  t h o s e  for t h e  m o n o l i t h i c  r e f e r e n c e  case. 

This  e l e v a t i o n  of t h e  u 

d i s t a n c e s  ahead of a p r o p a g a t i n g  c rack .  

Y 

stresses can e x t e n d  t h e  y i e l d  zone t o  s i g n i f i c a n t  
Y 

S e v e r a l  p a r a m e t e r s  i n f l u e n c e d  the  u stresses ahead o f  t he  crack. Thin 
Y 

a d h e s i v e  l a y e r s  caused  a pronounced (I e l e v a t i o n ,  b u t  f o r  t h i c k  a d h e s i v e  

l a y e r s  t h i s  i n f l u e n c e  v i r t u a l l y  d i sappea red .  For t h i n  b o n d l i n e s ,  b o t h  t h e  

t h i c k n e s s  and  l o n g i t u d i n a l  s t i f f n e s s  of t h e  adhe rend  i n f l u e n c e d  the  c r a c k - t i p  

stress l e v e l ,  b u t  t h e y  had v e r y  l i t t l e  i n f l u e n c e  on t h e  shape  of t h e  stress 

d i s t r i b u t i o n .  T h e r e f o r e ,  adherend  t h i c k n e s s  and  l o n g i t u d i n a l  s t i f f n e s s  s h o u l d  

have l i t t l e  i n f l u e n c e  on i n t e r l a m i n a r  t oughness  measurements.  Specimens w i t h  

the  same bending s t i f f n e s s  had n e a r l y  i d e n t i c a l  (I d i s t r i b u t i o n s .  Although 

the t r a n s v e r s e  s t i f f n e s s  o f  the adherend had no i n f l u e n c e  on c r a c k - t i p  stress 

i n t e n s i t y ,  i t  had a s i g n i f i c a n t  e f f e c t  on the  stress d i s t r i b u t i o n  beyond the  

s i n g u l a r i t y - d o m i n a t e d  c r a c k - t i p  r eg ion .  

Y 

Y 

Estimates f o r  a d h e s i v e  y i e l d i n g  beyond t h e  aluminum DCB crack t i p  showed 

t h a t  both the p l a s t i c  zone area and zone h e i g h t  i n c r e a s e d  t o  a peak v a l u e  f o r  

i n c r e a s i n g  a d h e s i v e  t h i c k n e s s e s .  T h e s e  r e s u l t s  agree q u a l i t a t i v e l y  w i t h  the 

obse rved  t r e n d  for i n t e r l a m i n a r  tougnness  measurements o v e r  a r a n g e  of 

a d h e s i v e  t h i c k n e s s e s .  

R e s u l t s  from t h i s  study s h o u l d  contri brit,e to t.he general  i i n d e r s t , a n d i n g  of 

the  DCB t e s t  specimen.  The p r e s e n t  r e s u l t s  p r o v i d e  i n s i g h t  abou t  which 

specimen pa rame te r s  i n f l u e n c e  t h e  c r a c k - t i p  stresses and ,  therefore,  s h o u l d  

13 



prove u s e f u l  f o r  d e s i g n i n g  new DCB t e s t  specimens and when comparing da ta  from 

d i f f e r e n t  DCB specimens.  
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Table 1 - Material Properties and Stress-Intensity Factors 

Adherend I Adhesive I 

h 

(mm) 
0.30 6.35 

2.05 

LT V EL ET 'LT Material I ('Pa) I (GPa) I (GPa) 

thickness 

t 

( m m )  (N/m3l2) 

0.10 84.1 
0.01 446.3  

Aluminum 71 .O 71 .O 27.3 

0.01 
0.01 
0.05 
0.10 
0.66 
0.01 

806.2 
446.3 
448.1 
448.3 
442.5 
294.8 1 Graphite/ 

EPOXY 

1.10 
1.65 
1 .65 
1.65 
1.65 
2.20 

134 13.0 6.41 

Special 
Orthotropic 
Cases 

Resin 

13.0 13.0 6.41 
56.5 13.0 6.41 
452 13.0 6.41 
134 134 6.41 

3.45 3.45 1.33 
I I I 

0.34 
0.34 
0.34 
0.34 

0.30 

( a >  Calculated for DCB wi th  a = 50 mm, P = 1 N / m  

1.65 0.01 138'1.4 
2.20 0.01 443.2 
1.10 0.01 453.1 
1.65 0.01 433.3 

6.35 0.01 375.4 
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