










The singular behavior is captured in the inverse 
square root dependence on the magnitude of the 
radius vector r, which clearly becomes unbounded 
as r tends to zero. The factor K hides all the geo
metric and material complexities of the problem 
and will depend on the detailed geometry and elas
tic properties of the material. K is nonetheless a 
finite number called the stress intensity factor and 
is used to differentiate one type of singularity from 
another, since the inverse square root dependence 
on the radius vector is a universal property for all 
singularities whether they arise from sharp edges, 
cracks, or whatever. Remembering now that the 
stress can also be thought of as an energy density, 
we can ask, What is the contribution of the singular 
stress field near the crack to the total elastic strain 
energy in the solid? To answer this question, we 
need to integrate the stress field in equation (3) 
over some volume encompassing the crack, which 
works out as follows: 
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The main point of equation (4) is that the elas
tic strain energy contributed by the stress singular
ity at the crack tip is a finite number depending 
on the stress intensity factor K and the size of the 
volume element surrounding the crack tip, i.e., the 
singularity disappears when working with strain 
energy as opposed to stress. This result suggests 
that one convenient way to circumvent the stress 
singularity problem is to work with strain energies 
as opposed to stresses, which leads directly to the 
concept of the strain energy release rate. Figure
3 illustrates this concept in the case of a highly 
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G = AU/AA 
Figure 3-Strain energy release rate, defined as 
ratio of the increment of energy �U required to 
separate an increment of area �A of a coating 
from a substrate. 

stressed coating on a rigid substrate. The coating 
has a high level of stored elastic energy due to 
a high stress level. This could arise from either a 
thermal expansion mismatch with the substrate 
or other shrinkage process such as solvent loss 
or chemical reaction which causes the coating to 
try to contract, which it cannot do because it is 
adhered to the immovable substrate. 

Thermodynamically, the coating would like 
to lower its internal energy as much as possible, 
which it can do through a delamination process. 
The driving force for this process is measured by 
the amount of internal energy LW which can be 
released per increment in newly created surface 
area M. This ratio defines the so-called strain 
energy release rate G=LiU/ M. Confusion arises 
many times because G is not a rate in time but 
a rate of incremental change in internal elastic 
energy per unit increase in surface area. A com
panion to G is what is called the surface fracture
energy y. Since the coating is bonded to the sub
strate through intermolecular forces, delaminating 
an increment of the coating requires a certain 
amount of energy to overcome these forces and 
y measures the amount of energy required for a 
unit increment of delaminated area to be created. 
Thus, G has to be at least as large as y for delami
nation to occur. If G is less than y then there is not 
enough elastic energy available to advance delami
nation and the process is arrested. 

Similar kinds of arguments can be invoked for 
those who prefer to work with stresses instead 
of energies. In the stress formulation, the stress 
intensity factor K is the prime quantity of interest. 
K is said to measure the strength of the stress 
singularity with large values of K corresponding to 
dangerous cracks that are likely to propagate and 
small values corresponding to relatively benign 
flaws that are likely to remain arrested. Analogous 
to the energy formulation, one can speak of the 
critical fracture toughness Kc as a measure of 
the strength of a material in resisting crack propa
gation. Thus, if the stress intensity factor Kat a 
crack tip is less than the fracture toughness of the 
material Kc, the driving force propagating the crack 
is too weak and the crack is said to be arrested. 
Interestingly enough, through some miracle of 
mathematical prestidigitation, the concepts of 
strain energy release rate and stress intensity fac
tor are fully equivalent, and, in fact: 

(5) 

Thus, one can work in either the stress formula
tion or the energy formulation and use equation (5) 
to convert between the two, if necessary. Equation 
(5) also brings us to one final technical point which

requires elucidation. Note that equation (5) involves 
the quantities G1 and K1, which are referred to as the 
mode I strain energy release rate and stress intensity 
factor. There are also mode II and mode Ill versions 
of these quantities and all are required to cover the 
allowable loading configurations which are possible. 
Thus, mode I behavior occurs when the material is 
being separated in pure tension, as when one pulls 
on the ends of a string. Mode II refers to the case 
when the loading is in pure shear, as when trying to 
slide an object over a sticky surface. Mode Ill is a 
rather more arcane situation of a shearing type of 
motion perpendicular to the direction of crack propa
gation and is observed in rather rare situations. The 
Velcro® fastener material gives a ready illustration of 
the difference between mode I and mode II loading 
situations. A Velcro joint is highly resistant to mode II 
or shear loading but separates readily when loaded 
in mode I, explaining why your ski jacket remains 
tightly closed when in use but opens quite easily 
when pulled apart in pure tension.G

Part II of this article, to be published in the 
September issue of Coatings Tech, provides an 
overview of the most common adhesion measure
ment methods. 
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