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A Cohesive Surface Separation Potential 
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This paper presents a form of the cohesive surface separation potential, which can produce 

potential curves by varying a single dimensionless parameter. Results show that a partial 

modification of Xu and Needleman's (1994) cohesive surface separation potential makes it 

possible to present the other potential curves as a special case as long as the normal separation 

is concerned. The proposed potential may describe interfacial debonding-crack initiation and 

growth-character of materials and, through numerical simulation, provide an insight tbr the 

effect of different cohesive surface separation potentials on the interracial debonding. 
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1. I n t r o d u c t i o n  

The use of a cohesive debonding model in 

failure analysis is attractive since they can be 
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easily accommodated in the numerical analysis 

code. The initiation, growth, and arrest of a crack 

are the outcome of interaction between the im- 

posed loading and the cohesive debonding model 

on the interface. There are two approaches. One is 

to impose the potential (Rose et al., 1981: 

Needleman, 1987; Needleman, 1990; Xu and 

Needleman, 1994).; the traction-seperation law 

for interfacial debonding can be derived from the 

potentials. The Other is to impose a traction- 

seperation law itself (Tvergaard and Hutchinson, 

1992 ; Varias, 1998); energy can be obtained by 

integrating the relationship. 

The traction-seperation law-constitutive eqa- 

tion-for the interfacial debonding is as follows. 

With increasing interfacial separation, the trac- 

tion across the interface first reaches a maximum, 

then deceases, and eventually vanishes as permit- 

ting a complete separation to occur. It should 

be noted that the cohesive debonding model 

mentioned here differs l¥om the conventional ones 

(Dugdale, 1960; Barenblatt, 1962) in that a full 

account has been taken for the finite geometry 

changes and that in the decohesion constitutive 
relation is specified along the entire interface-no 
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cohesive zone size needs to be determined by the 

analysis. 

The interface constitutive response can be char- 

acterized by a cohesive surface separation poten- 

tial. The potentials developed to date may be 

classified into two forms: the polynomial and 

exponential form. The polynomial form was sug- 

gested by Needleman (1990), as following the 

development of the exponential form (1987). In 

addition Xu and Needleman (1994) suggested a 

potential of an exponential form to fit the atomic 

separation analysis proposed by Rose et al. 
(1981). 

This study presents a modified form of the 

cohesive surface separation potential that can 

generate the potential curves (Needleman, 1987; 

Needleman, 1990: Xu and Needleman, 1994) by 

varying a single dimensionless parameter intro- 

duced in the equation. The cohesive surface sepa- 

ration potential and corresponding traction curves 

produced by the modified form are compared 
with those previously suggested. 

2. Cohesive Surface  Separat ion 
Potent ia l s  

The following sections review some potential 

forms and describe the modified form. Attention 

is centered on two-dimensional  analysis with 

neglecting plastic deformation at the interface. 

2.1 A review of the potentials 
2.1.1 The polynomial form 
Needleman (1987) constructed a polynomial  

form of the interface potential that has a feature 

that the traction vanishes at a finite separation so 

that there is a well defined decohesion point. The 

polynomial  potential for u n ~ 8  is given by 

~7 M u . l ,  l/u.~2q i~(/,/n, Z/t)=40,max~ { I/b/.  2[- {-g) J 
1 u t  z un un 2 

(i) 

where ~rmax is the maximum traction carried by the 

interface undergoing purely normal separation 

(ut~=0), 8 ths characteristic length and a the 
ratio of shear to normal stiffness of the interface. 

Neglecting energy dissipation associated with 

the separation process, the normal and tangential 

components of the interfacial traction are ob- 

tained from Eq. (1) through T,=ad, b/c~un and 

T, = Oq~/3u~ : 

Un 2 

(2) 

for un~c~ and Tn=Tt=O when for u ~ > 8 .  

2.1.2 The exponential form 
Needleman (1990) also proposed an exponen- 

tial form of the potential, based on the polyno- 

mial form given by Eq. (1). Using the same de- 

pendence of the shear as in Eq. (I) and 96---, ~bsep 

as un ~ c,o where ~sep is the work of normal 

separation ( u t ~ 0 ) ,  the exponential potential is 

1 Ut 2 

(4) 

where z = 1 6 e / 9 .  Using Eq. (4), the interfacial 
traction is obtained as 

Tn=--6maxelZ(~-~k \ 0" / - - ~ a i g - ~ - ) l  ~ [  Ut \ z }  
(5) expE 

T t = - a r n a x e { a z ( - ~ - ) } e x p [ - z ( ~ - ) ]  (6) 

The parameters characterizing the exponential 

potential are chosen so that ~bsep is 9/160"max~ 

and the maximum absolute value of Tn for a 

normal separation only is O'max- It should be noted 
that Eq. (1) through Eq. (6) have no distinction 

between the normal and tangential characteristic 

lengths. 

On the other hand, Rose et al. (1981) earlier 

suggested an exponential form of the interracial 

potential based on the atomic analysis of a nor- 
mal interfacial separation ; this equation was later 
modified by Xu and Needleman (1994) to in- 

clude a tangential separation. The exponential 
potential can be written in the form 
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¢(u.. u,) 

u~ 1 + ~ _ ) e x p ( _ ~ / 2  )} (7) 

The normal and the tangential component of the 

interfacial traction are then obtained as 

e x p ( ~ n  ) Un U, z 

Tt = Cn 28n U t _ t ( u v _ n ] (  un\  [ ut 2 \ (9) - ~ ) e x p t - ~ j  

¢ ,  (=eam~x&) is the work of a normal separa- 

t ion;  the respective 8n and 8t are normal and 

tangential characteristic length ; O'm~x and rmax are 

the normal and tangential cohesive surface str- 

ength, respectively. The dependence of the tan- 

gential traction component on the relative shear 

displacement was assumed to be periodic. 

2.2 Modified form of the potential 
In the present study, a cohesive surface separa- 

tion potential is proposed by modifying Xu and 

Needleman (1994). A dimensionless parameter Z 

in Eq. (7) is introduced to yield the following 

equation : 

~(u., u,! 

=~,+~,exp(_7~){ / u,\ [ ut2\l (10) 

The normal and the tangential component of the 

cohesive surface traction are obtained as 

Tn=Y~_nn e x p ( _  Un\[[ un \ex / ~/t 2 \1  X ~ . )  I t  X~-n } P t ~ ] J  ~(11) 

T, 2¢. u,J  u . /  / u . \  / u, z 
= ~ - t  ~-~[ 1 + 7 ~  fexpl - x~ ]exp~  -~-t2 } (12) 

Notice that Eqs. (11) and (12) satisfy the con- 

straints of  T~=0 when u./&~=O, and that Tt = 

0 when ut/~t=O. With u t = 0  in Eq. (11), the 

maximum normal traction occurs when the nor- 

malized relative displacement (Un/~n), equals 

l/Y. Consequently, the work Cn of  a normal 
separation, Cn (with u t = 0 ) ,  can be expressed as 

Cn=CrmaxS,exp( l ) / y (13) 

3. R e s u l t s  and D i s c u s s i o n  

Figure 1 illustrates the normalized cohesive 
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Fig. 1 Cohesive surface potential curves across the 
interface as a function of un with ut=0, 
generated from the modified form of surface 
potential 
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Fig. 2 Normal traction curves across the interface as 
a function of Un with ut=0,  generated from 
the modified form of surface potential 

surface separation potential ( ¢ / ¢ n ) ,  as a function 

of the normalized normal displacement, u,,/c},~ 
(with u t = 0 ) ,  for several different values of the 

parameter 7. The work of a normal separation 

(represented by the area under the potential 

curve) increases with decreasing X. 

Figure 2 shows the normalized normal traction 

Zn/amax as a function of union (with ut =0)  for 
various values of the parameter X- The maximum 
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Tangential traction curves across the interface 

as a function of un with u t=0,  generated from 

the modified form of surface potential 

value  o f  - T +  is O'm~x and occurs  when u n / & =  
1/7". Decreas ing the value  of  the pa ramete r  7" 

leads to a greater  level of  energy required for a 

normal  separa t ion ,  by increas ing the no rma l  sep- 

a ra t ion  d i sp lacement  un at which the m a x i m u m  in 

the no rma l  t rac t ion  c o m p o n e n t  occurs. 

The  var ia t ion  of  the t angen t ia l  t ract ion,  Tt, as 

a funct ion of  ztt (with u n = 0 ) ,  for var ious  values 

of  the pa ramete r  7, is shown  in Fig. 3. Un l ike  the 

case of  n o r m a l  t ract ion,  the m a x i m u m  value of  the 

normal ized  tangent ia l  t rac t ion  depends  inversely 

on  the value  of  the pa ramete r  7'. However ,  the 

loca t ion  of  the m a x i m u m  normal i zed  tangent ia l  

t ract ion,  [ - T t / r m x [ ,  is independen t  of  the 

pa rame te r  7", and  occurs  when  l ut  [ = , f 2 8 e / 2 .  

Decreas ing the value of  the pa ramete r  7 also leads 

to a h igher  level of  energy abso rp t ion  du r ing  the 

shear  separa t ion .  

Figures  4 and  5, respectively,  show the nor-  

mal ized cohesive  surface potent ia l  curves  and  the 

normal  t rac t ion  across the interlace,  T,,, as a 

funct ion  of  un (with u ~ = 0 )  lbr  the po lynomia l ,  

exponen t ia l  and  modif ied  forms of  the potent ia l .  

In Fig. 5, the po lynomia l  potent ia l  (1987) gives 

Zn:O'max at Lln=~n/3, while  the exponen t ia l  

po tent ia l  (1990) gives rn:~Ymax at Un=9<~n/(16 
e) ~ 0 . 2 0 7 & ,  The  p o l y n o m i a l  potent ia l  leads to 

the separa t ion  at Un=~n, SO that  Tn:--O tbr  u~_> 
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as a function of un with u t = 0  for the polyno- 

mial (Needleman, 1987: 1990). exponential 

(Xu & Needleman, 1994) and modified form 

of surface potential 

&+. The  exponen t ia l  potent ia l ,  on the o ther  hand ,  

gives a con t inua l ly  decaying no rma l  t rac t ion  that  

vanishes  in the l imit u,~ ~ c~. However ,  the work 

done  when un=~n is abou t  0.95~bsep. 

For  7"=1, the normal  t r a c t i o n - d i s p l a c e m e n t  

re la t ionsh ip  reduces to tha t  of  Xu and  Nee- 
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dleman's model (1994). For  7=5 ,  the normal 

traction-displacement relationship is almost the 

same with that of Needleman's model (1990). But 

9 '=4 does not yield the shape of the normal 

traction-displacement curve obtained from the 

polynomial form of  the potential (1987). The 

normal traction-displacement produced from the 

polynomial form of cohesive surface separation 

potential decayed rapidly while that generated 

from modified form of  it for 2"=4 slowly 

diminished. 

The tangential traction across the interface, 

Tt, is a monotonically increasing function of ut 
(with un=0)  for both polynomial  and expon- 

ential form (See Eq. (3) and Eq. (6)).  Therefore, 

the tangential traction curves were not compared. 

4. Conclusions 

This paper has shown that a partial modi- 

fication of Xu and Needleman's cohesive surface 

separation potential (1994) makes it possible to 

treat other existing models a special cases as long 

as the normal separation is concerned. The modi- 

fied model has a feature for a general mathema- 

tical description of the normal interracial debon- 

ding behavior of materials and can be a tool to 

simulate debonding and thus fracture. Since our 

main interest centers on the crack growth resis- 

tance, we should carefully look at of the tbrm of  

either potential or traction-seperation law on the 

results for simulated crack growth, which is left as 
a future work. 

References  

Barenblatt, G.I . ,  1962, "'The Mathematical 

Theory of  Equilibrium of Cracks in Brittle Frac- 

ture," Advances in Applied Mechanics, Vol. 7, 
pp. 56-- 129. 

Dugdale, D. C., 1960, "Yielding of Steel Sheets 

Containing Slits," J. the Mechanics and Physics 
of  Solids, Vol. 8, pp. 100-- 104. 

Needleman, A., 1987, "A Continuum Model for 

Void Nucleation by Inclusion Debonding,'" J. 

Applied Mechanics, Vol. 54, pp. 525--531. 

Needleman, A., 1990, "'An Analysis of Deco- 

hesion Along an Imperfect lntert:ace," Int. J. 
Fracture, Vol. 42, pp. 21--40. 

Rose, J. H., Ferrante, J. and Smith. J. R., 1981, 

"'Universal Binding Energy Curves tbr Metals and 

Bimetallic lnterfacves," Physical Reviewer letters, 
Vol. 47, pp. 675--678. 

Tvergaard, V. and Hutchinson, J .W.,  1992, 

"The Relation Between Crack Growth Resistance 

and Fracture Process Parameters in Elastic-Plas- 

tic Solids," J. the Mechanics and Physics of  
Solids, Vol. 40, pp. 1377--1397. 

Varias, A. G., 1998, "Constraint Effects During 

Stable Transient Crack Growth," Computational 
Mechanics, Vol. 21, pp. 316--329. 

Xu, X . - P .  and Needleman, A., 1994, "Numer- 

ical Simulation of Fast Crack Growth in Brittle 

Solids," J. the Mechanics and Physics of  Solids, 
Vol. 42, pp. 1397-1434. 




