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(ABSTRACT)

A simple adhesion test method is proposed to provide estimates of the
debond toughness of adhesive bonds. Notched coating adhesion (NCA)
specimens consist of single substrates coated with thin layers of adhesive'.
The coating is notched to induce initial debonds, and the specimen is then
loaded in a manner to produce tensile stresses in the coating. The substrate
strain at which the coating debond propagates is then used to determine the
critical strain energy release rate. Yielding of the substrate is permitted, and
does not complicate the calculations. The specimen geometry results in a
mode mix which drives the debond to the interface, thus obtaining a measure
of interfacial behavior. Because of the geometry and testing method, the
technique is simple, inexpensive and may be conducted quickly. The
properties of the coating and the residual stresses of the bond must be known
to predict the bond strength. Since accurate data on these properties are not
always readily available, the test may be limited as a method to screen
adhesive systems. Besides being a screening test, the NCA can be used as an

accelerated test to study durability of adhesive bonds. NCA specimens reach



moisture equilibrium quickly because of the short diffusion path. By
significantly reducing the amount of time needed for the adhesive/substrate
interface to reach equilibrium moisture conditions, the time required to
obtain estimates of performance in humid environments is greatly reduced.
If one assumes that moisture at the interface is the cause of bond degradation,
these simple tests offer the potential to rapidly estimate the durability of a
given adhesive/substrate - system.  Accelerated durability studies were
conducted on model steel/epoxy systems, and the results were compared to

the results for double cantilever beam tests.
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1.0 INTRODUCTION

As structures and structural materials become lighter, conventional
joining methods such as rivets and bolts impose a significant weight penalty.
Engineers, scientists and designers are faced with the problem of finding
better methods to efficiently join these materials. Adhesives have become an
attractive alternative because they result in light-weight and efficient
structures without weakening the adherends to the extent experienced with
conventional joint methods. For example, an aircraft that incorporates all
current adhesive technologies can save up to 5 percent of its weight’.
Adhesives not only reduce the weight of a structure, they can also resist

fatigue, damp vibration and defy corrosion better than conventional joints’.

Another important field for adhesive applications is in
microelectronics, the mainstream of the electronics industry. Today,
integrated circuits (IC) and printed wire boards (PWB) are more intricate than
ever. Many times, these chips and boards are protected by films and coatings,
and many metal film circuits are adhesively bonded to plastic boards. The
coatings, films and adhesives are exposed to constant thermal and
environmental attacks. Improving bond performance and durability over the
lifetime of the equipment is a formidable task, but it might provide rewards

such as smaller, longer lasting and more powerful chips and IC's*.

With the potential advantages, the use of adhesives can no longer be
ignored. Research is being conducted to answer many questions that arise
with the use of adhesives. Unfortunately, many experiments used to
characterize adhesive performance and durability are time consuming and
costly. The single lap joint (SLJ) specimen, for example, is easy to fabricate
and test, but is quite complicated to analyze for accurate results as Goland and

Reissner’ and many others have demonstrated. Double cantilever beam



(DCB) specimens are more complicated to test and fabricate but easier to
analyze. The failure mode of all these tests can be either cohesive or
interfacial, and there is no guarantee which one will occur®. There are many
other tests designed for adhesive durability and debond toughness studies,

some of which are discussed in Section 2.0.

This thesis proposes an alternate test geometry for screening adhesive
systems and accelerating humidity conditioning of adhesive systems. The
notched coating adhesion (NCA) test may prove to be ideal for screening
adhesive systems because it yields quantitative results quickly and
inexpensively. Being a coating specimen, the test can be used to test the
performance of films and coating systems. When used for durability studies,
the NCA test is based on the observation that failures resulting from long
term exposure to humid conditions tend to be interfacial”®. A further
assumption is that the presence of moisture at the interface leads to a rather
rapid degradation in interfacial strength. Thus, if the time required for the
interfacial region to saturate with moisture is reduced, the time required to
measure the degraded strength can also be reduced. While there may be some
adhesive/substrate systems which are not appropriately modeled by these
assumptions, the approach is believed to be appropriate as a preliminary
screening tool for many systems of practical interest. The acceleration in
conditioning is achieved by testing the adhesive as a coating bonded to a
single substrate rather than as an adhesive bonding two substrates together.
Being an inherently interfacial failure test, the experiment method may also
be a good candidate for surface studies such as surface treatment effects on

adhesive systems.



2.0 BACKGROUND

2.1 Currently Used Coating Tests

A number of specimens have been proposed and utilized for testing
coating adhesion. Besides being used to study coatings, many of these testing
methods are widely used in the adhesive industry for screening new adhesive
systems. Some of the coating adhesion tests are: the scratch indentation test’,
the pull-off test', the self delamination test", the peel test'*", the cross-hatch

tape test”, the interlaminar bond strength test'® and the blister test'’®.

In the scratch indentation test’, a probe indents the film at a prescribed
load. This probe is then dragged across the specimen, and the load required to
scrape the coating from the substrate is recorded. In a comparative test, a
coating that requires a higher load to produce debonding is normally assumed
to have a better bond than the one requiring a lower load. Although useful
for testing coatings, the results are difficult to interpret quantitatively. For the
scratch indentation test, a special setup must be fabricated to monitor the load
required to drag the probe. The moving indenter creates shear stresses in the
substrate and the coating; furthermore, many researchers have demonstrated
that friction may affect the critical normal force required to move the

19-20

probe

Several pull-off test techniques have been proposed. These tests are
based on bonding a stud to a coating, and then pulling the stud in tension to
determine the load required to debond the coating®. A low temperature
adhesive is normally used for bonding the stud to prevent the heat from
damaging the coating. In case where these tests are used for durability studies,
the stud curing process should be fast enough so that the moisture content
remains nearly unchanged. For each test to be successful, the adhesion of the
coating to the substrate must be weaker than the adhesion of the stud to the

3



coating; otherwise, the stud debonds instead of the coating. Because these are
maximum strength failure tests, the debond is generally catastrophic, and the

failure stress for bonds can be determined.

The cross-hatch tape test, ASTM D 3359%, is a widely used test in the
industry. It involves using a knife to cross-hatch a coating. A pressure
sensitive adhesive tape is then applied to the cross-hatched region and peeled
away from the substrate. Coating adhesion is qualitatively determined from
the number of coating fragments remaining on the substrate. Use of this
method after humidity conditioning is widespread, but the test is subjective
and it cannot be easily reproduced. For durability studies, a failure to account
for changing adhesion between the pressure sensitive tape and the exposed

coating surface may result in inconsistencies.

The peel test is another extensively used test to study coating and film
adhesion. In the peel test, a thin flexible strip bonded to a substrate by a layer
of adhesive is pulled away from the substrate at a predetermined angle. The
peel force can be recorded, and the strain energy release rates may be
determined.  Analytically, substrate yielding or bending are normally
assumed to be negligible except in T-peel test where substrate yielding must be
considered in the analysis. The test is also highly dependent on strain rate,

thickness of the coating, and the loading angle'**.

In the self delamination test developed by Farris and Bauer!!, a small
hole is drilled through the coating. Because of the peel and shear stresses,
debonding occurs around the hole. The strain energy release rate can be
determined from the size of the debond around the hole. The test uses a
fracture mechanics approach and can be used to determine bond toughness
quantitatively.

The interlaminar bond strength test developed by Cropper and

16,21

Young'* is in many ways similar to the NCA test. The test was developed

4



for the measurement of interlaminar bonding strength, and so far has been
demonstrated to be useful for laminates composed of polypropylene
copolymer (PP) film , aluminum foil and polyester. The specimen is similar
to a tensile test, but the specimen has a groove through the

polyester/aluminum layers.

To determine the strain energy release rate, it is necessary to determine
the properties of the non-laminated PP film. The load-displacement curves
for both laminated specimen and PP material have a peak load as the yielding
is initiated, followed by a plateau load as the yielded area propagates. If the

plateau loads of PP film and the laminate are P, and P, respectively; X, is the

Opp
final displacement, and A is the original laminate area, the overall strain
energy release rate (G) can be found to be:

X¢
A

G=L(P,-P,,) 1)

The testing method requires that both the load and displacement data
and the mechanical behavior of the substrate to be known. If the load does
not reach a plateau, other types of analysis are required. In the NCA test, the
loading values are not necessary and strain energy release rate is determined
from the values collected at the moment debond propagates; while in the
interlaminar bond strength test debond is required, but bond energy is

determined by the plateau loads of the bulk PP film and the laminate.

Originally proposed by Dannenberg', various types of blister tests have
been developed for testing flexible coatings. Basically, blister specimens
consist of a film bonded to a rigid substrate with an initial debond where
pressure can be introduced. When pressure is applied through the debond,
the film flexes and forms a blister. The pressure that causes debond, the size
of the debond as well as modulus and geometry etc. are used to determine

strain energy release rate”. The blister test causes uniform stress distribution

5



in film adherends and it is quite compatible with durability studies “because
the pressurizing medium is contained within the blister region'’”. The test
however, usually does not work well with brittle coatings. Many types of well
developed blister geometries are available, each with different characteristics.
Some of these types include the standard blister, the island blister, the
peninsula blister and the constrained blister. Lai and Dillard® wrote a

comprehensive paper comparing the different types of the blister tests.

2.2 The Importance of Durability Studies

The ability to determine the durability of adhesive bonds remains an
elusive task, especially when the service environment involves exposure to
diluents such as water. Moisture continues to be of major concern for many

adhesive bond systems for a number of reasons including:

1) many adhesives are hydrophilic, picking up significant amounts of
moisture over time changing mechanical properties of the adhesion;

2) most adhesives and some adherends allow moisture permeation,
eventually reaching the adhesive/adherend interface;

3) the high surface energies of metallic and certain other substrates result
in moisture migrating to the adherend surfaces and, in some cases,
displacing the adhesive from the substrate, oxidizing the adherend, etc.,
and

4) absorbed moisture induces swelling stresses which can reduce the
bond strength.

Recognition of this susceptibility to moisture has led to extensive studies
aimed at evaluating the effects of moisture, developing an understanding of
the responsible mechanisms, and predicting the performance of adhesive

bonds subjected to humid environments. While some studies have focused



on the effect of humidity on neat adhesive samples, most studies have
recognized the significance of the adhesive/adherend interactions, and have
evaluated strength of actual bonded joints. Unfortunately, the time required
for typical bonded geometries to reach moisture equilibrium can be quite
long. Single lap joints (SL]) and double cantilever beam (DCB) specimens
with a width of 25.4 mm may take up to several years to equilibrate,
depending on the temperature and adhesive. Such lengthy conditioning
times hamper the development of improved adhesives, and may delay the
acceptance of these adhesives because of the time required to certify them.
Reliable methods to accelerate the durability testing of specimens would be of

significant benefit to adhesive formulators and users.

Currently, one commonly used method for accelerated testing of
adhesive strength is by conditioning DCB or SLJ specimens at high

temperature and high humidity levels”?%.

The high temperature can
increase the diffusivity, thus decreasing the time required to saturate the
specimens. Use of increased temperature to accelerate humidity
conditioning, however, raises concerns about whether the elevated
temperatures are introducing anomalous damage modes. Placing specimens
in boiling water is a routine practice to screen specimens, and yet
extrapolating results from this accelerated conditioning process to durability
in service conditions is questionable. Furthermore, the conditioning time

under these elevated temperature conditions may still be rather long

considering that the moisture has to diffuse through the edges.

Another popular accelerated testing method is the wedge test®?. After
the wedge is driven into a bonded specimen, the loaded specimen is placed
into a water bath or environmental chamber. Over time, the debond may
propagate, reducing the stresses imposed by the wedge. Although the

moisture state is not well understood ahead of a propagating debond, the



adhesive does become saturated ahead of a slow growing or equilibrated
debond. Results are frequently given as debond length as a function of
exposure time, although the critical strain energy release rate can be calculated

from this testing method.

It has been established that the interphase is often the region most
susceptible to moisture attack’, the knowledge of environment degradation
on the interface is essential for predicting the long term performance of
adhesively bonded structures. Assuming the interphase of specimens in
which the adhesive is used as a coating bonded to a single substrate is
identical to the interphase of the adhesive and the two substrates in
sandwiched specimens (e.g., double cantilever beam), then one can study the
interphase degradation due to moisture with coating adhesive specimens to
predict durability rather than specimens with adhesive bonding two
substrates together. The advantage to the coating approach to study moisture
effects is that water diffuses into the adhesive through the top of the
specimen so that the time required to saturate the adhesive and the
interphase is shorter. For a full treatment on diffusion and durability refer to

Section 4.0.

2.3 The Use of Notched Coating Adhesion Test to Study Durability
The NCA test may be a good test for accelerated durability and the

interface studies due to its geometry and loading mode. Conventional
sandwiched adhesive specimens like the ASTM D3433 standard DCB
specimen? consists of an adhesive sandwiched by two substrates and only the
edges of the adhesive are exposed. If a DCB specimen is environmentally
conditioned, water can diffuse into the adhesive only through the edges

(assuming that the adherends are not permeable, and no wicking is present).



Thus, the diffusion path is half the specimen’s width (Fig. 1b). To reduce the
conditioning time, one can either increase the diffusion coefficient or
decrease the diffusion path. A common method to increase diffusion
coefficient is by increasing the conditioning temperature. However, the

possibility of introducing spurious degradation modes exists.

The use of NCA specimens can drastically decrease the required
conditioning time to reach moisture saturation by decreasing the diffusion
path. An adhesive coated to a single substrate offers the advantage of a short
diffusion path since the diffusion path is the thickness of the adhesive coating
(Fig. 1b). The NCA test takes advantage of the short diffusion path in order to
accelerate humidity conditioning and estimate the bond durability. Many
times, solvent diffusion through polymers can be considered to behave in a
Fickian manner; therefore, the time required to saturate specimens increases

with the square of the diffusion distance (Fig. 1).



'"’S’lve - - H20

anfusnon
Path >

(Typically 12.7 mm)

(H20

Figure 1a.  Cross section of a sandwiched specimen. The diffusion path is
equal to half of the width.

H20

Diffusion
Path

Figure 1b.  Cross section of a coatmg specimen. The diffusion path is equal
to the thickness.
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3.0 THE NOTCHED COATING ADHESION TEST

The proposed notched coating adhesion (NCA) specimen consists of a
coating layer bonded to a single substrate as illustrated in Figure 2. A notch is
introduced into the coating near the center of the specimen. When properly
introduced, the notch creates enough stress to locally debond the coating;
thus, producing two sharp tipped cracks along the interface. The length of the
local debond is named a. Using an axial loading device, the specimen is
loaded in tension perpendicular to the cut (Fig. 2-3). The stress state generated
causes the debonds to propagate. Being a constant strain energy release rate
specimen, the debond propagation does not alleviate the applied strain

energy, thus, the resulting debonding is often quite rapid and easily observed.
The critical strain (gc) at which the debond starts to propagate is recorded to

determine the critical strain energy release rate (G¢).

3.1 Fracture Testing

Many technical advances have been made on understanding adhesive
systems’ performance in the past few decades. One of the successful tools
which has been used to evaluate adhesive systems’ performance is fracture
mechanics. Due to its success in the past, fracture mechanics has served as the

testing and the analysis foundation of the NCA research and development.

The existence of flaws and cracks cannot be ignored in any type of
structure. At the same time structures are required to be safer than ever
before. Consequently, accurate quantitative measures of material tolerance to
cracks and flaws must be determined. Since part of the definition of fracture
mechanics is the requirement of a dominant crack in the structure, the testing

method is especially attractive to designers of many types of structures.

11



Notch in the coating
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Figure 2. Top and side views of the notched coating adhesion (NCA)
specimen.
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Figure 3.

Debonded

Cut
SNl

4

NCA test in progress. The upper part is debonded and the lower
is on the verge of debonding. Note the initial debond below the
cut. (The white markings on the lower part of the specimen are
for labeling purposes).
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A drawback to fracture mechanics is that the fracture properties cannot
be directly measured; the fracture properties must be inferred from quantities
that can be determined experimentally. Fracture mechanics was chosen as the
framework for the new specimen design because fracture test results generally
can be easily used to predict the bond toughness of other adhesive joints. As a
result, these fracture mechanics based tests make it possible to gain more
fundamental understanding of the failure mechanisms of the adhesive
systems being studied. Fracture mechanics also has an extrapolative function.
Small-scale laboratory tests can be utilized to predict the properties of a large-
scale structure. Therefore, this fracture mechanics testing approach should
also provide more meaningful data for design of engineering structures

which realistically contain flaws.

Fracture tests apply the concepts of either stress intensity factors or
strain energy release rates. The NCA study utilizes the strain energy release
rate, which uses an energy balance approach to analyze and describe crack
growth phenomena. The values for the strain energy release rate are used as
an indication of the loading level being applied to the crack tip of a specimen.
The symbolic notation used for the strain energy release rate is G with
subscripts used to denote whether the G is critical (G) or applied total strain
energy release rate (G). The total loading stress is referred to as the total
applied strain energy release rate (G). The critical strain energy release rate
(Gp) is a material system’s property. G is the amount of energy required for
crack growth. This energy can be applied by external load and internally
stored energy such as residual stress. In adhesive systems, G. can be a
function of many variables such as interphase properties, adhesive and
substrate properties, specimen dimensions, loading rate, mode mix and

environmental conditions.
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In linear elastic fracture mechanics (LEFM) both G. and G can be
broken into three primary modes of loading. They are: the opening or tensile
mode(G)), the sliding or shear mode (G,)) and the tearing or antiplane mode
(Gyy) (Fig. 4). In many shear type joints, mode II is normally the predominant
loading mode accompanied by some mode I. In adhesive test geometries
however, mode I testing seems to be the trend. Since specimens tend to be
weakest when loaded in mode I, these test results tend to be conservative.
For more information on fracture mechanics, refer to Broek?, and Kanninen

and Popelar®.

3.2 Specimen Fabrication and Testing

There are two typical methods to fabricate NCA specimens. Many
times, the choice of the technique depends on the type and the quantity of the
desired testing system. The two procedures differ in the order of the required
steps. One fabrication method is to bond large panels and then cut individual
specimens from the panels. The other method is to cut specimens to the
proper size and then bond the coating on the substrate. In the first method,
the size of the panel is limited by the number of specimens required, the size
of the oven or hot press, and the availability of the substrate and the coating.
The substrate and the coating are prepared and bonded with the prescribed
technique. After cure, the edges can be removed since they tend to have non-
uniform thickness. The rest of the panel can then be cut or sliced to

appropriate test dimensions.

For coatings that flow during cure, a dam can be placed on the edges of
the panel. The dam holds the coating in place and it also serves as a means to

control the thickness of the coating. The dam can be formed with strips of
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Figure 4.  Possible fracture modes.
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