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(ABSTRACT)

A numerical analysis of the loop tack test is presented to study the behavior of the strip and the
influence of several factors, and the results are compared with experimentdlhenasnerical
results can be applied to model the performance of a pressure sensitive adhesive (PSA). Since the
simulation of the loop tack test includes geometrical and material nonlinearities, it is solved
numerically by the finite element method. The finite element program ABAQUS is used through-
out the research. As the teardrop shaped loop is pushed down onto the adhesive and then pulled
up, the variation of the loop behavior is investigated using two-dimensional (2D) and three-
dimensional (3D) models. A bilinear elastic-plastic constitutive law is used for the strip. The
deformation of the pressure sensitive adhesive is approximated as uniaxial extension of indepen-
dent adhesive strands. A Winkler-type nonlinear elastic foundation and a viscoelastic foundation
are used to model the PSA. A nonlinear elastic spring function is used, which is composed of a
compression region for the bonding phase and a tension region for the debonding phase. A deb-
onding failure criterion is assumed, in which an adhesive strand will debond when it reaches a
certain length. During the bonding phase, it is assumed that the loop is perfectly bonded, and the
contact time is not included. Curves of the pulling force versus the top displacement (i.e., tack
curves) are obtained throughout the simulation. A parametric study is made with respect to the
nonlinear spring function parameters, experimental uncertainties, and strip thickness. Anticlastic
bending behavior is shown in the 3D analysis, and the contact patterns are presented. The effects
of the elasticity modulus of the PSA for the elastic foundation and the displacement rate for the

viscoelastic model are investigated.
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Chapter 1. INTRODUCTION

Pressure sensitive adhesives (PSAs) are widely used materials in our modern life, such as in
packaging, labels, medical applications, the automotive industry, and the shoe industry. Accurate
and appropriate test methods for PSAs are needed to determine that a given adhesive will perform
satisfactorily for its intended use. Fundamentally, characteristics of PSAs are categorized by peel
adhesion, cohesive strength, and tack. Tack is the dominant property of PSAs, and is defined by
ASTM as the ability of an adhesive to form a bond of measurable strength to another surface
under conditions of low contact pressure and short contact time. To determine the tack property,
various testing methods are suggested, for example, rolling ball tack test, probe tack test, and loop
tack test. The loop tack test is one well-known method. The ends of an adhesive strip are folded to
form a teardrop shape. The bottom of the loop is brought in contact with a rigid substrate at a con-
stant rate until the contact length in the longitudinal direction reaches a certain amount (usually
25.4mm). After a short contact time (usually 1 sec), the top of the loop is brought upward at the
same rate as in the bonding phase until detachment occurs. The pulling force is recorded as a tack
curve. The objective of this research is to investigate the behavior of the strip and the influence of
several factors in the loop tack test, considering inelastic and viscoelastic effects in terms of a

finite element analysis, and to compare with experimental results.

Theinitial elastic analysis of the loop tack test for PSAs by Williams (2000) made some sim-
plifying assumptions. Her results did not show a plateau in the pulling force region, a final sharp
peak in the force-displacement curve, and the localized curvature at the peel front especially for a
thin strip, as appears in experimental results. Unlike her work, the present study includes plastic-
ity effects in the loop, anticlastic bending behavior, extensibility, and time-dependent viscoelastic
behavior of the adhesive, as well as several separation rates. The adhesive is approximated by
uniaxial extension of strands representing fibrils which are progressively extended during pulling.

It is assumed that a strand will fail if it reaches a certain elongation.

The numerical analysis of the loop tack test is carried out using the commercial FEM software
ABAQUS. The mesh of the strip is generated using hybrid beam elements (B21H) and four-node
shell elements (S4R). PSAs are modeled as Winkler-type nonlinear elastic or viscoelastic founda-

tions. The parameters in the nonlinear spring model used in the Winkler-type foundation are cho-



sen based on experimental results. Nonlinear finite element analysis theories are applied to the
numerical simulations to evaluate the different nonlinear effects (material and geometric nonlin-
earities). A parametric study is presented to understand the effects of the nonlinear spring function
parametersf};, B,, B3), contact area, length of loop, and strip thickness on the tack curve. Results
of several experiments (loop tack test, DMA test, uniaxial tensile test, and Arcan tensile test) car-
ried out mostly by others are used to compare with the numerical results and determine properties

of the adhesive and the strip.

1.1 Williams (2000)

Williams (2000) carried out an initial analysis of this research for her Master’s thesis, with the
restrictive assumptions of elastic adhesive, elastic backing, and inextensible material. She pre-
sents a formulation of the basic loop tack test mathematically, and develops a simple numerical
solution procedure to compute the essential characteristics of the behavior of the loop. Using the
shooting method, numerical solutions are obtained. The mechanics of the loop tack test are stud-
ied to determine the effects of various factors on adhesive performance. These factors include the
stiffness of the backing, the stiffness and thickness of the adhesive, the elongation of the adhesive

before debonding, and the contact time.

Asmentioned, throughout her work, various assumptions are made. The strip is unstrained
when it is flat. It is thin, uniform, inextensible, and nonlinearly elastic. Anticlastic curvature is
neglected, as well as the weight of the strip. As the loop is pulled upward, it continuously debonds
from the substrate at the ends of the contact zone when the adhesive reaches a certain critical elon-
gation, which depends on the pressure that has been applied at that location and, in one part of her
study, on the time of contact (but indirectly, since time dependence is not included in the analy-
sis). The adhesive is assumed to be located on the substrate rather than on the loop, which is
equivalent if the influence of the adhesive on the bending stiffness is neglected, and if the resisting
forces only depend on the vertical elongation of the adhesive. The adhesive is modeled as an elas-
tic Winkler-type foundation, i.e., a continuous distribution of independent vertical linear elastic
springs (Plaut et al., 2001).



She developed four cases to model the loop tack test, based on characteristics of the test. Due
to symmetry, only half of the loop is analyzed and the loop is treated as an elastica. The first case
is point contact, the second case is flat contact, the third case is pushing and pulling, and the last
case adds contact time dependence. The point contact case depicts the loop right before debond-
ing from the substrate, and the profile of the loop has only a single point of contact. The force is
applied to the top of the loop and the opposite reaction occurs at the contact point. Flat contact
expresses the forced triangulation in the experiment, that is, it is made to model the localized cur-
vature at the peel front. For this analysis, the adhesive tape is assumed to be nonlinearly elastic
and the relationship of the curvature and bending moment is defined by Ramberg-Osgood nonlin-

ear theory as follows:

Q.IQ.
nlo

_ M _sgMmn
= EIO+BEEI(J] (1.1)

in which 3 andn are positive constants, akd}, is the initial bending stiffness of the loop. Values

of B andn are determined by trying to use values for a good fit of an acceptable curve shape. Up
to these cases, only the pulling procedure was considered. In the pushing and pulling case, the
adhesive is analyzed as being on the substrate, with the backing pushing into the adhesive. Such a
case includes the whole cycle of the loop tack test. The fourth formulation is basically the same as
the previous one but considers the adhesive’s contact time with the substrate and makes the analy-
sis more realistic. The contact time is computed from the change of height during pushing and
pulling, assuming that the pushing and pulling speeds are constant and that the dwell time is neg-

ligible.

The computer program Mathematica is used to implement the algorithms and to obtain numer-
ical solutions in an approximate step-by-step procedure. The maximum force required for separa-
tion of the loop from the substrate is the tack or pull-off force. The shooting method usually works
well, but convergence to the desired solution may be sensitive to the initial guesses. Sometimes
the method converges to a mathematical solution which does not represent the actual physical
loop, such as the triangular shape in the pulling procedure. The pulling force curve results do not
show a plateau and a final sharp peak in the force-displacement curve, as often appears in experi-

mental results. The results show that the pulling force increases as the stiffness of the backing or



the thickness of the backing or adhesive decrease, or as the stiffness of the adhesive or the length

of the loop increases.

1.2 Pressure Sensitive Adhesive

Pressure sensitive adhesives (PSAs) are materials that develop measurable adhesion upon con-
tact with a substrate by the application of a light pressure without requiring a chemical reaction,
with no curing of the adhesive, and with no loss of solvent during the adhesion process. Such
properties imply that intimate contact between the substrate and the adhesive must be established
rapidly and under slight pressure, but also that the energy necessary to separate the adhesive from
the substrate must be sufficient for the specific application (Creton 1997). In modern human life,
PSAs are widely used materials in modern industry (packing, release coatings, labels, hospital
products , etc.) and are expected to be relied upon much more in the near future. Their uses extend
from the mending of wounds and surgical incisions to securing the chafing strips in Airbus flaps,
which are bonded with acrylic PSAs. In civil engineering, roofs of buildings may be bonded with
PSAs for holding the roof and sealing it. According to the Pressure Sensitive Tape Council

(PSTC) (1994), PSAs are defined as materials with the following properties:

» Aggressive and permanent tack

* Adhere with no more than finger pressure

* Require no activation by any energy source

» Have sufficient ability to hold onto the adherend

* Have enough cohesive strength to be able to be removed cleanly from the adherend

The bginning of the pressure-sensitive adhesive industry was in the medical application of
adhesive tapes and plasters. It is not entirely clear at which point these medical adhesive tapes
closely resembled pressure-sensitive adhesives of today. During the mid-19th century, natural rub-
ber was added to the adhesives formula that previously contained resins and beeswax. The inven-
tion of rubber pressure sensitive adhesives is attributed to Dr. Henry Day. Such adhesives
consisted of India rubber, spirits of turpentine, turpentine extract of cayenne pepper, litharge, pine
gum, and other ingredients. A U.S. patent to Shecut and Day was issued in 1845. A German patent

was issued in 1882 to druggist P. Beiersdorf for a plaster based on gutta-percha. In 1899, natural



rubber based, zinc oxide containing adhesive was developed. The adhesive plasters were produced
industrially in larger quantities by the turn of the past century. For quite some time, PSA applica-
tions were limited to first aid uses. The first electrical insulating tapes were produced during the
period 1920-1930. This was not strictly a pressure sensitive tape, but a friction tape. We can find
utilization of pressure sensitive tape other than medical applications historically, such as paint
masking applications and transparent synthetic film tape in industry for a tremendous variety of

purposes (Satas, 1982).

A large variety of elastomers have been used as PSAs. The first material to gain widespread use
was a natural rubber-based adhesive. Natural rubber-based PSAs are still used in a number of PSA
tape applications, including masking tape, where they exhibit removability after painting and bak-
ing. One of the primary attributes of natural rubber-based PSAs is their low cost, but they also are
used extensively because of their high peel strength when properly formulated. However, these
adhesives had one important defect. Because of unsaturation in the backbone of the base polymer,
the adhesive had a noticeable tendency to yellow and to crosslink, thus becoming brittle. In gen-
eral, natural rubber-based PSAs were unstable to long term exposure to the environment. This
problem led to the advent of a number of new base resins which did not suffer from these deficien-
cies. A group of such base elastomers were the acrylates. The two primary acrylates used in PSAs
are 2-ethyhexyl acrylate and iso-octyl acrylate. Acryic-based PSAs are used in a wide variety of
applications from transparent tape to medical tapes. In comparison to natural rubber-based PSAs,
acrylates are more expensive, but they have excellent weathering characteristics. Both PSAs need
to be crosslinked to obtain the cohesive strength necessary to meet all of the requirements of a
PSA. Another group of base resins for PSAs, the block copolymer-based elastomers, meets these
requirements through phase separation, but these elastomers suffer from oxidative instability in
much the same way as natural rubber-based adhesives. Block copolymer-based PSAs are used in a
wide variety of applications but most commonly in packing tapes. There are several other types of

PSAs, but the above three types of base elastomers form the majority of PSAs (Pocius, 1997).

Creton (1997) divides PSAs into three classes according to performance, which are removable,
semi-permanent, and permanent PSAs. For the removable PSAs, a high compliance is required in
order to establish contact very easily, but, conversely, low adhesion is necessary. The most well-

known application is the Post-It note, but masking tape or mounting spray adhesives are also good



examples. For the semi-permanent PSAs, which are the most common type of adhesive, medium
compliance and a relatively good adhesion are necessary, but no long-term resistance to the envi-
ronment is needed as the lifetime is typically of a few months at the most. The standard office
tape, label, or the ubiquitous finger bandage fall into this category. In the last one, permanent
PSAs, the critical property is very high adhesion and very high creep resistance, as well as good

resistance to the environment.

The advantages and disadvantages of using PSAs are described by Aubrey (1992). The advan-
tages are that there is no storage problem, no mixing or activation is necessary in bond formation,
no waiting is involved in this bond formation, and often the bond created by the PSA is readily
reversible. Disadvantages are that the adhesive strength, especially for peeling and shearing, is
low, bonds cannot be easily formed on unsuitable or rough surfaces, and PSAs are expensive in

terms of cost per unit bond area.

To understand the behavior of PSAs and determine that a given PSA will perform satisfactorily
for its intended use, three properties of PSAs are determined with three basic characteristics
(Satas, 1989; Skeist, 1990; Aubrey, 1992; Johnston, 1994; Zosel, 1994; Pocius, 1997):

» Tack

Tack is an indication of how quickly an adhesive can wet out, and so come into intimate contact
with a particular surface, and eventually reach its optimum adhesion. Dahlquist (1959) pointed
out that tack is not a well-defined property such as viscosity or elasticity, but depends upon the
mode of the test procedure. A rigorous definition requires standardization of contact pressure,
dwell time, rate of separation, and surface of the adherend. Many empirical tests have been
devised, some intended to measure tack under light pressure, others at very short contact times.
Some tests attempt to combine both features. The tack property is the main topic of the present

study, so that a more detailed description is given in the following section.

* Peel strength

Peel adhesion is the force required to remove a pressure sensitive tape which has been applied to a
standard test panel, using definite pressure to make contact, from the panel at a specified angle
and speed (PSTC). The resistance to peel is determined by measuring the force required to peel

away a strip of tape from a rigid surface at a specified peel front angle at constant rate as shown



Figure 1.1a. It is tested most commonly by 118€° peel angle but son@&ihes or lower angles
are used. Peeling &0° is subject to less error and is probably more related to practical situa-
tions, but requires more complicated test equipment 138h peeling. The peeling rate and the
temperature have been the most widely investigated experimental parameters. One of the most
difficult problems in designing a standard peel test is the standardization of the method of apply-

ing the tape to the test surface.

» Shear strength

This property indicates the resistance of an adhesive to shearing forces. The standard method of
determining shear strength is the “static” shear test which measures the time required to pull a
defined area of a tape from a test panel under a constant load. The test is commonly carried out at
room temperature or at 4G . Although it may be adequate for routine assessment of tape perfor-
mance under simulated service conditions, it gives little information about intrinsic properties of
the adhesive itself. This is partly because there are at least three modes of failure possible in the
test. First, the adhesive may undergo a true shear failure in which viscous flow is involved. Sec-
ond, the tape may appear to slide intact from the plate. Third, peeling may occur from the
unloaded end of the tape. The latter two effects involve peeling phenomena and are best corrected

by increasing the level of peel strength. A schematic of the shear test is shown in Figure 1.1b.

flexible adherend

adhesive — = 2
substrate

(a) Peel test (b) Shear test

Figure 1.1 Diagram of tests for PSAs



These three basic characteristics provide an understanding of how quickly and how firmly the
adhesive will stick and how strongly it will resist any applied force. There are many standard test
specifications laid down by different authorities to assess these properties and many differences in
detail between them. Reviews of properties of PSAs and test methods include Aubrey (1977,
1992), Satas (1989), Skeist (1990), Johnston (1994), Chuang et al. (1997), Creton (1997), and
Pocius (1997).

1.3 Tack

Asdescribed in the previous section, pressure sensitive adhesives (PSA) are usually described
by three parameters: tack, peel adhesion, and shear resistance. Unlike peel adhesion and shear
resistance, the concept of tack is difficult to define. According to Johnston (1983), it has been
called diverse names which are tack, wet grab, quick stick, initial adhesion, finger tack, thumb-
tack, quick grab, quick adhesion, and wettability in the PSA industry. Tack is one of the most
important properties of PSAs which is defined by Zosel (2000) as the ability of an adhesive to
form a bond of measurable strength to another material under conditions of low contact pressure
and short contact time. The PSTC defines it as “that which allows a pressure sensitive adhesive to
adhere to a surface under very slight pressure.” The American Society for Testing and Materials
(ASTM) defines tack as “the force required to separate an adherend and an adhesive at the inter-
face shortly after they have been brought rapidly into contact under light load of short duration.”
However, it is not clear how long short duration is and how much load slight or light is. The defi-
nition of a test method for quick stick, PSTC test method 5, describes these unclear points as “that
property which causes the tape to adhere instantly using no external pressure,” indicating a time

frame of zero, and the applied pressure being the weight of the tape only.

Tack is not merely a material property of the adhesive, but also depends on the adherend prop-
erties and the process conditions. That is, tack is sensitive to a wide range of factors, such as the
adhesive used, contact load, dwell time, adherend, temperature, humidity, and the adhesive’s flow
characteristics. Due to the interaction of these variables, it is hard to describe tack by a unified
theory (Hu et al., 1998). Some of the factors that can influence tack are summarized in Duncan et

al. (1999). They described factors influencing tack, which are adhesive application (uniformity,



weight, and thickness of the adhesive layer), contact pressure, dwell time, test speed, test temper-
ature, humidity, adherend surfaces, adherend compliance, specimen conditioning, and adhesive
activation. Creton and Leibler (1996) attempted to better understand the dependence of tack on
the pressure and contact time, and to quantitatively relate the results to the molecular structure of
the adhesive and the roughness of the substrate. Zosel (1989b) demonstrated that good tack per-
formance is characterized by the formation of fibrils. Zosel (1997) presents experimental studies
of the influence of the contact formation on the adhesive or interfacial fracture energy and tack of

polymers.

Theeasiest test method of measuring tack is touching the finger lightly for a short time to a
pressure sensitive adhesive and then quickly withdrawing it. Numerous standard tack test methods
have been developed for PSAs by different organizations and presented by Johnton (1983), Pizzi
and Mittal (1994), Roberts (1997), Pocius (1997), and Duncan et al. (1999). They can be divided
into three broad categories: those using a rolling ball, those using a modification of the peel test,
and those using some form of probe. However, the results produced by different techniques are
not always comparable. It is thought that some of these differences may be due to the viscoelastic
response of the adhesive, since dwell times and separation rates vary between test methods. The
standard tack test methods fall into the following categories as mentioned above (Mizumachi,
1985; Satas, 1982; Pocius, 1997; Duncan et al., 1999):

* Rolling Ball Test

The rolling ball test has been the oldest and most widely used for at least 50 years. In the common
form of the rolling ball tack test, a stainless steel ball with 1.1cm (7/16 in.) diameter is released at
an elevation on an inclined tack so as to roll down and at the bottom come into contact with the
horizontal, upward-facing adhesive. The distance the ball travels out along the tape is measured as
tack. It is primarily intended for quality control of adhesive tapes, but may also be used to investi-
gate adhesive coatings. Since the motion of the ball is closely related to bonding and debonding
processes which occur simultaneously at the surface of contact, it is believed that the rolling
motion of the ball on a pressure sensitive adhesive reflects tackiness of the adhesive. However,
this test does not provide the level of control needed to understand tack, since the rate of applica-
tion of the force varies somewhat as the ball travels the length of the tape.

* Loop Tack Test



There are two different modifications of the peel test for tack which are the loop tack test and the
quick-stick test. In the loop tack test, a loop is attached to the jaws of a tensile testing machine.
The loop is brought into contact with the pre-cleaned substrate by lowering the loop at a specified
rate till it contacts a certain area of the panel. The tensile testing machine is then reversed and the
force to remove the tape is recorded. More detall is given in a later section.

e Quick Stick Test

In the Pressure Sensitive Tape Council’s “Quick-Stick” test, the tape is placed on the flat stainless-
steel plate test surface with no contact pressure beyond that of its own weight. The tape is then
peeled from the surface 80°  at 300mm/min (12 in./min) and the maximum peel force is taken
as the tack value. This test, although functionally measuring the level of tack, does not provide the
information necessary to understand tack, since the pressure and the rate of application of the tape
are not controlled. The backing stiffness also has a marked effect, since stiffer backings do not
allow easy intimate contact of the adhesive to a surface.

* Probe Tack Test

The probe tack tests are mechanical simulations of thumb or finger tack tests. In them, the tip of a
probe is brought into contact with a supported adhesive under low contact pressures for a short
time and then pulled away at a fixed rate, during which the peak force of separation is measured.
In this test method, the effect of the tape backing is eliminated because the tape is either rigidly
affixed to a steel plate or mounted on an annular ring of known weight. The test can be used for

quality control or research purposes.

Themethods of measuring tack include the contact of two surfaces (adhesive and test sub-
strate) under light pressure for a short time, followed by a separation step, the force (or energy) of
separation being taken as a measure of tack (Aubrey, 1992). Thus, the procedure for measuring
tack is a two-stage process of bond formation and bond separation. During bond formation, con-
tact in molecular dimensions between the adhesive and the adherend is established in isolated
spots of the geometric contact area, the number and size of which increase with contact time by
deformation and flow as well as by wetting. The bonding process is not well understood in a quan-
titative sense. According to Dahlgist (1969), quanlitatively it is assumed that good bonding is

achieved if the adhesive has the following properties:
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» Ability to wet the adherend, which implies that the surface energy of the adhesive must be less
than that of the adherend,

» Low viscosity in terms of small shear displacements of polymer chain segments, but not nec-
essarily at large displacements;

» Relaxation times of elastic deformation which are substantially less than the time of contact;

* Low elastic modulus and high deformability to permit conformation to the contour of the sur-
face.

The second step, bond separation under the influence of external forces at a certain rate, is con-

nected with deformation of the adhesive joint and the creation of two new surfaces under destruc-

tion of the interface (Zosel, 1989b). Control of tack is important so that the right level of initial

bond strength is achieved. If the tack is too low, then the bond may rupture during manufacture, or

if the tack is too high, then repositioning of substrates may be difficult. Tack is normally deter-

mined from the force required to separate two components joined by a soft viscoelastic bonding

material. Tack gives an indication of how quickly an adhesive can wet and make intimate contact

with a surface. That is, high tack forces on separation are associated with effective wetting of the

surface (Duncan and Lay, 1999).

1.4 Loop Tack Test

Theloop tack test is widely used in the adhesive tape and PSA industries, primarily as a quality
control tool. The test methods can be divided into two different types depending on which sub-
strate the adhesive coats. In one, the adhesive is on the forming loop. This test is used to test adhe-
sive tapes. In the other, the adhesive is on the rigid base plate. This test method tends to be used
for double-sided tapes, pressure sensitive adhesives, and coatings. The most popular method is the
FINAT Test Method No. 9. The steps involved in the test, which are shown in Figure 1.2, are

described below.
Step a: Initial flat strip (Figure 1.2a).

Step b: Form the loop from the tape (Figure 1.2b).
The specified length of tape should be bent back until around 10mm or so of the ends are in con-

tact. If the adhesive is on the backing, the adhesive surface should be on the outer surface.
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Step c: Clamp the loop in the movable test machine grips (Figure 1.2c).

The formed loop should be connected to a load measuring device with sufficient range and sensi-
tivity (normally specified in the test method). The loop should be aligned such that the edges of

the tape will be at a right angle to the edge of the base plate.
Step d: Lower the loop (Figure 1.2d).

The loop should be lowered, pushing down onto the base surface, until the tape makes contact
over the required area. Although the standard test methods do not require it, measurement of the

‘push down force’ can help check for consistency among different tapes.
Step e: Pull the loop off the surface (Figure 1.2e).

Once the loop has contacted the required area of the base plate, the direction of the test machine
should be reversed. The area in contact should be inspected visually for any imperfections in the
contact (e.g., wrinkles or bubbles). The test should run until the tape is detached from the plate.

The pulling force versus top displacement of the loop is recorded.

(< >)

~_

(a) Initial flat strip (b) Ferming loop

(c} Clamping ends (d) Pushing down (2) Pulling off

Figure 1.2 Steps in the loop tack test
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Some previous reviews and work on the loop tack test have been carried out by Johnston
(1983), Satas (1989), Pizzi and Mittal (1994), Roberts (1997), Chung et al. (1997), Le et al.
(1999), and Tobing and Klein (2000). Loop tack tests have the advantage of requiring only simple
fixtures mounted on standard tensile testers, being quite easy to carry out, and being acceptably
reproducible. Even in a single test, however, they are subject to variable peel angles and contact
times. They also suffer from the large influence the stiffness or flexibility of the tape backing plays
in the magnitude of the force measured. The cause of this influence is the compression zone that
presses the adhesive into contact with the adherend just ahead of the zone where adhesive and
tape are being peeled off, and the manner in which the compression magnitude depends on the
backing properties. Loop tack tests can very effectively assess the tack of adhesives on film or
sheet (paper) backings for applications that are closely approximated by test conditions (Satas,
1989). Duncan and Lay (1999) pointed out drawbacks of the loop tack test in their report. If the
backing material has little stiffness, then there may be difficulties in forming the loop into a
repeatable shape. This can be compounded by static electricity effects. Alignment of the loop with
respect to the substrate plate is another potential problem, particularly with low stiffness tapes
which may be prone to twisting. There is a degree of subjectivity in the decision as to when the
tape is in full contact with the plate, and when to reverse the direction of the machine. Thus the
contact area and/or dwell time may vary. The downwards contact pressure exerted through the
loop will depend on the stiffness of the tape. Thus different tapes will give different contact pres-

sures that will lead to different measured tack strengths even if the adhesive is the same.

Duncan et al. (1999), Hu et al. (1998), and Roberts (1997) presented standard loop tack test

methods as follows:

« BS EN 1719 Adhesive-tack measurement for pressure sensitive adhesive - determination of
loop tack, British Standards Institution

 BS 7116: 1990 Double sided pressure sensitive adhesive tapes, British Standards Institution

* FINAT Test Method No. 9 (FTM9) “Quick stick” tack measurement (loop tack)

e TLMI LIB1, Tag and Label Manufacturers Institute

» TLMI LIB2, Tag and Label Manufacturers Institute

As mentioned above, the FINAT FTM9 method is widely used in the adhesive tape industry. In the

FINAT method for measuring loop tack, a strip of material 25mm wide and at least 175mm long is
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formed into a loop and brought into contact with a glass plate at a rate of 300rimAftéT a

contact area of 25mfris attained, the loop is then separated at the same speed. The standard
methods tend to specify different ways of expressing the tack. The BS methods specify that tack is
taken from the peak force (from the median of three replicates). The FINAT method is more
ambiguous - the maximum force is recorded, but the method then specifies that ‘Quick Stick tack

is expressed as the average value (ignoring the initial peak) and range for the five strips tested'.
The statement ‘ignoring the initial peak’ is open to different interpretations and does not follow
from the rest of the procedure. The statement can be ignored and the tack expressed as the mean
of the maximum forces measured, provided that is agreed and recorded as the method for deter-

mining the tack.

As analternative to physical experiments, a virtual experiment approach was undertaken by
Hu et al. (1998), Duncan and Lay (1999), and Duncan et al. (1999). In their work, a finite element
model was created of the tape loop using 2 node linear, in-plane beam element and surface using
ABAQUS and run through the four steps of the tack test. The shapes of the loop throughout the
virtual test agreed very well with digitized video images of an actual test. However, their model
does not have an element set of the adhesive. The interaction between the adhesive and the plate
was represented using the *SURFACE BEHAVIOR subroutines in ABAQUS. Since it does not
consider higher contact pressure produced by the stiffer tapes, the computed tack from ABAQUS

in their work does not physically make sense with respect to different thicknesses of the strip.

1.5 Viscoelastic Property of Pressure Sensitive Adhesive

When a pressure sensitive tape is appied to a substrate, the adhesive is expected to spontane-
ously spread on the surface with little or no applied pressure. That is, the PSA is expected to act as
a liquid. This "liquid" nature of a PSA indicates that its behavior is a rate process affected by time,
temperature, and the applied stress. However, when the adhesive is peeled or a weight is hung
from it, we expect the adhesive to resist the force. That is, it should act as a solid. This contradic-
tory behavior is available from viscoelastic material (Pocius 1997). The viscoelastic material
properties are determined by dynamic mechanical measurements (DMA). From this test, the two

components of the complex dynamic shear or tensile modulus, the storage n@&dulusE’ (or )
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and the loss modulug”  (&" ), are determined as a function of temperature and angular fre-
guency. The viscoelastic properties of the materials can govern tack properties in two ways; one is
that during bond formation the achievement of good contact is related to the dynamic storage
modulusE' , and the other is that during debonding the energy dissipated upon deformation is
related to the loss modul&s'  (David et al., 2000).

As mentioned, adhesives often begin as liquids. A significant portion of a material’s ability to
perform as an adhesive depends upon its ability to “wet” a surface. Wetting of a surface does not
depend just on interfacial characteristics, but also depends on the ability of the material to flow on
the surface with or without applied force. Thus, the characteristics of the adhesive as a liquid are
important in the generation of adhesive bonds. Some adhesives are never fully solids but retain
much of the character of liquids through their use. These materials are termed viscoelastic. Most
polymeric materials have some degree of viscoelastic character. Certain adhesives, known as pres-

sure sensitive adhesives, make great use of this characteristic.

Dahlquist (1966) proposed the correlation of viscoelastic properties and adhesive performance
of PSAs. He states that in order for a PSA to wet a substrate properly during the short time of
contact chraracteristic of a tack test, the one second compressive creep compliance at the use tem-
perature must be greater than’t@?/dyne and preferably as high as®en?/dyne. However, the
Dahlquist criterion is rarely quoted in its original form, but is reformulated in term of DMA test
data. In this form the criterion states that the absolute value of the complex shear modulus,
lcd = (G’2+ G"z)l/z, measured at 1 rad/s should not excaeix 1¢ Pa (Christensen and
Flint, 2000). Chang (1991) suggested a viscoelastic window (VW) of different types of PSA
based on dynamic storagé'( ) and 1088 () moduli at bonding and debonding frequencies. It
was found by Chang and in recent studies that the glass transition temperature and dynamic stor-
age modulus@' ) at the application temperature are the most important parameters for pressure

sensitive adhesive performance.

Viscoelastic properties of PSAs have been presented by Chu (1989), Chang (1997), Creton
(1997), and Pocius (1997). Correlation of tack and viscoelasticity was reported by Duncan (1999).
The performance of PSAs (e.g., peel, tack, and shear) depends on the viscoelastic response of the
bulk viscoelastic properties of the adhesive, as well as the surface energies of the adhesive and

adherend. Bonding is a low rate process at low deformation that occurs when the PSA is brought
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into contact with a surface, while debonding in a tack or peel test is a high rate process, depending
on the thickness of the adhesive. The shear strength test is a creep test carried to high deformation.
The viscoelastic behavior of an adhesive controls its response in adhesive testing and is an impor-

tant factor in controlling its performance (Chu, 1989).

\iscoelastic models for PSAs have been discussed by Hata (1972), Mizumachi (1985), Mizu-
machi and Hatano (1989), and Yarusso (1999), among others. They used two or more parallel
Maxwell elements. These act like a fluid, and as time increases, the deformation under constant
force keeps increasing. These papers mention several possible failure criteria, such as a critical
value being reached by the stress, by the strain, by the strain in a spring, by the strain in a dashpot,
by the total stored energy in the springs, or by the strain energy density in the springs. In Duncan
(1999), modeling of creep of viscoelastic materials is conducted in ABAQUS using a sum of
exponential relaxations characterized by a relaxation magnitude constant and time constant (the
*VISCOELASTIC option). These constants are determined by fitting Prony series to time-depen-
dent input data supplied to the finite element analysis (FEA) package. A Winkler-type viscoelastic
foundation is presented in Kuczma and Switka (1990), Kuczma (1992), Kuczma and Demkowicz
(1992), and Drozdov and Gertsbakh (1993).

1.6 Deformation Modes and Debonding Failure Criterion of Pressure Sensitive
Adhesives

If atape is pulled off of a surface, some of the adhesive may stay on the surface, or all of it may
remain on the tape. The first case is called cohesive failure, and the second is interfacial failure.
An important usage property of a commercial pressure sensitive adhesive is the ability to debond
from the substrate without leaving much residue (Lakrout et al. 2000), that is, it should exhibit
interfacial failure. Recently, Lakrout et al. (1999, 2000) have shown in their probe tests that the

debonding process of PSAs generally proceeds in the following manner:

1. Homogeneous deformation of the film in tension.
2. Nucleation of the cavities at the interface between the film and probe (the number and location
of these cavities are related to the presence of air pockets trapped at the interface between the

film and probe).
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3. Simultaneous expansion of these cavities as interfacial cracks.
4. Growth of the cavities in the direction normal to the plane of the film and formation of a fibril-
lar structure.

5. Fracture of the fibrils by creep or debonding of the foot of the fibril from the probe.

Based on this observation, a schematic deformation mechanism during debonding procedure in

the loop tack test can be anticipated as illustrated in Figure 1.3.

Creton (1997) reviewed three main mechanisms of fracture occurring in the peel of PSAs with

respect to varying rates of peel, as follows:

» At low rates of peel or high temperatures, the bond typically fails cohesively in the adhesive
layer by fibril formation with eventual breakdown.

* When the rate of peel is increased or the temperature is decreased, the debonding mechanism
may experience a transition to a situation where fibril formation is followed by debonding of
the fibrils from the substrate. This transition is not always observed.

» Finally, if the rates are increased further, all adhesives undergo a transition to fracture without

fibrillation and with a very small amount of deformation.

Lin et al. (2000) also presented three distinct mechanisms of failure during the pull-out phase
of a Flat Punch (Tack) Test. According to them, failure of the adhesive can occur on the interface
between the punch and the adhesive layer by crack propagation from the edge of the contact, by
internal crack propagation, or by cavitation and fibrillation. In axisymmetric probe tests with a flat
punch, fibrillation is quick to develop upon pull-off for many adhesives. Fibrillation is a common
quality of the PSA debonding process that significantly contributes to the overall adhesion energy,
but this behavior greatly complicates a quantitative analysis of adhesive failure. In Crosby et al.
(2000), a simple analysis is used to develop a deformation map that can be applied to predict the
failure mechanism. They categorized various deformation and failure modes of adhesively bonded
elastic layers. It was stated that three main deformation modes can be used to categorize the early

stages of the debonding processes of a compliant layer from a rigid substrate:

» Edge crack propagation
* Internal crack propagation

e Cavitation
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Figure 1.3 Schematics of the deformation mechanisms during the
debonding phase in the loop tack test
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In addition to these three main classes of deformation, the following two subclasses, related to the

shape of the edge of the compliant layer, can also be defined:

» Edge crack fingering
* Bulk fingering

They considered two classes, which are the interfacial deformation modes (edge crack propaga-
tion, edge crack fingering, and internal crack propagation) and the bulk deformation modes (cavi-
tation and bulk fingering). The former are governed by the energy release rate describing the

driving force for crack propagation, whereas the latter are governed by the stress within the layer.

In the determination of a debonding failure criterion, if one treats the adhesive deformation as
approximated by uniaxial extension of strands, one can qualitatively evaluate various possible
strand detachment criteria for agreement with existing data. One possible failure criterion for deb-
onding would be to assume that the adhesive deforms until a certain critical stress is reached.
Such a criterion can predict the transition from cohesive to interfacial failure, but in the interfacial
regime it predicts a peel force which decreases continuously with increasing rate. Such behavior
is never observed in PSAs. Another possible criterion for strand debonding would be a critical
strain level. However, the result of such a criterion is a peel force which increases with rate with-
out bound. This is also physically unrealistic (Yarrusso, 1999). Sometimes, as the adhesive is
pulled away, it forms fibrils. If these fibrils break, with part being left on the substrate (i.e., cohe-
sive failure), Yarusso (1999) mentioned that the debonding criterion should be that a critical
length of the fibril is reached. When none of the adhesive stays on the substrate, he suggests using
the stored elastic energy density. But there is no universal agreement as to the best criterion to be
used in each of these cases. In Plaut et al. (2000) and Williams (2000), it is assumed that the deb-
onding criterion depends on the maximum pressure applied to the adhesive, and also in one case
on the time of contact (assuming no dwell time exists between the pushing and pulling phases of

the loop onto the substrate).

Seweral researchers (Crosby and Shull, 1999, 2000, Creton and Lakrout, 2000, Lin et al., 2000)
adopted a fracture mechanics approach to analyze probe tests. The fundamental idea for any frac-
ture mechanics approach is that the edge of contact between the spherical probe and the adhesive

can be modeled as a propagating crack. As in conventional fracture mechanics, the energy
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required to move the crack by an incremental distance can be calculated from the stress state,
geometry, and material properties (Crosby and Shull, 1999). Sun and Chang (1995) used the frac-
ture energy, defined by the Griffith criterion, to characterize the adhesive strength along the inter-

face.

Basically, in the present study the adhesive failure mode is an interfacial deformation mode and
the failure criterion for debonding assumes that the PSA will debond when it reaches a certain

elongation, as Yarrusso (1999) described (more details will be given in a later chapter).

1.7 Plastic Behavior of Strip

Some loop tack tests with a stainless steel strip and VHB tape on a rigid surface were carried
out at Virginia Tech recently by Stacy Coulthard, who was an undergraduate student in the
Department of Engineering Science and Mechanics (ESM). After being tested, the strips were not
straight any more, indicating that plastic behavior had occurred. In particular, some of the tapes
had a crease at the center, where the last part of the loop debonded from the substrate. An analysis
of the loop tack test including these effects has not been reported previously, and will be accom-
plished in this dissertation. However, the initial debonding of the loop from the substrate is similar

to debonding in the peel test, and some studies have considered plasticity effects in the peel test.

Duke (1974) reviewed plasticity theories in peeling for a limited number of cases. A finite ele-
ment analysis of elastic peeling has been presented by Crocombe and Adams (1981). Crocombe
and Adams (1982) extended their finite element analysis to calculate the stress distribution ahead
of the interfacial crack for an elastoplastic peel problem. Approximate methods to estimate adher-
end plastic dissipation based on elementary beam theory were presented by Gent and Hamed
(1977). Atkins and Mai (1986) pointed out the importance of the residual strain energy during
elastoplastic peeling. Kim and Kim (1988) and Kim and Aravas (1988) published a generalized
elastic-plastic slender beam theory for the analysis of the detached part of the adherend in a peel
test. They gave a closed-form solution for the maximum curvature, and hence the plastic dissipa-
tion, attained by an elastic-perfectly plastic adherend. Their expressions are in terms of the peel
force, peel angle, adherend properties, and rotation at the root of the adherend, and it was shown

that the plastic dissipation strongly depends on the root rotation. Williams (1993) analyzed the
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role of root rotation due to the adherend compliance in the peel test. It was assumed that the
adherend behaved elastically at the root, although elastic-plastic behavior was taken into account
for the detached part of the adherend. Kinloch et al. (1994) derived a quantitative expression for
the energy dissipated by plastic deformation due to bending of the beam and thereby corrected the
measured peel force for such energy losses in peeling of laminated materials. Moidu et al. (1995)
developed a model for the attached part of the flexible adherend adjacent to the root, by consider-
ing the deformation of an elastic-plastic beam on an elastic foundation, but they neglected the
effect of foundation shear stresses on the plastic dissipation. Moidu et al. (1998) extended their
previous work by including the effects of foundation shear stresses and a linear strain-hardening

flexible adherend on the plastic work.

Stacy Coulthard and | conducted uniaxial tensile tests (see Appendices B.1 and B.2) on some
Mylar strips and stainless steel strips, using an Instron 4204 testing machine in the ESM depart-
ment, to determine their yield stresses and strain-hardening characteristics. The results showed
elastic-plastic behavior, and the stress-strain curve in loading was almost bilinear, as shown in
Figure 1.4, although the transition from elastic to plastic behavior is more gradual than in the ideal
case. Therefore a bilinear elastic-plastic relationship will be used in the numerical analysis. In the
bilinear model, the continuous curve is approximated by two straight lines, thus replacing the
smooth transition curve by a sharp breaking point, the ordinate of which is taken to be the elastic
limit stress or the yield strengtlny . The first straight-line branch of the diagram has a slope of
Young’s modulusg. The second straight-line branch, representing in an idealized fashion the
stress-strain hardening range, has a slojtg efE . The stress-strain relation for monotonic load-

ing in tension has the form
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The conentional incremental elastic-plastic models are formulated in terms of a yield criterion,
a hardening rule, and a flow rule. The von Mises failure criterion is used to estimate the state of
stress at the onset of yielding. An isotropic hardening rule is adapted to define how the yield crite-

rion is modified by straining beyond initial yield. Therefore, the yield surface changes size uni-
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formly in all directions such that the yield stress increases (or decreases) in all stress directions as
plastic straining occurs. An associated flow rule is used to determine the state of stress at the cor-
responding plastic strain when an increment of plastic flow occurs. It states that as the material
yields, the inelastic deformation rate is in the direction of the normal to the yield surface (the plas-

tic deformation is volume invariant).

By E

Figure 1.4 Stress-strain curve for elastic-linear work-hardening model

1.8 Anticlastic Bending Behavior of Loop

Forapplied pure bending along opposite edges as shown in Figure 1.5a, two different curva-
tures occur through the longitudinal and transverse directions (Figure 1.5b). This is called anti-
clastic bending behavior. Anticlastic bending behavior is already a well-known phenomenon in
the analysis of the behavior of thin rectangular beams and plates. In the loop tack test, thin elastic
rectangular strips (stainless steel or Mylar) are used so that we need to consider this effect to pre-
dict the contact pattern in the pushing procedure. Anticlastic bending behavior may be more
important for small deflection theory. For large deflections this phenomenon may disappear,
depending on the thickness-to-width ratio and the Poisson’s ratio of the strip. Due to geometri-

cally nonlinear effects, the plate tends to flatten in the transverse direction. In place of the plate
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being saddle shaped, it is more cylindrical in nature as shown in Figurel.5c. William (2000) did
not take anticlastic curvature into account in her work. Qi (2000) considered this effect in her

contact simulation using finite element analysis with ABAQUS.

Lamb (1891) presented the first analytical investigation of this problem for beams and plates.
Further research was conducted by Searle (1908), who showed that the shape of the distorted sec-
tion depends upon the value of the paran‘@%{t Ashwell (1950) gave a complete solution of a
governing differential equation similar to Lamb’s. Ashwell (1952) developed a theory to deal with
initially curved rectangular plates subjected to pure bending about one axis, using von Karman
plate theory. Fung and Wittrick (1954, 1955) applied Ashwell’'s ideas to plates of variable thick-
ness in the lateral direction and plates with trapezoidal and rhombic planforms. Experimental
studies of the stresses induced by anticlastic bending were made by Conway and Nickola (1964)
and Bellow et al. (1965). Bellow et al.(1965) found that initial imperfections in the plate did not
influence their results. Pomeroy (1970) presented expressions for the effect of the lateral flattern-
ing on the longitudinal moment-curvature relation. Pao (1970) began to address the anticlastic
curvature issue for composite plates. Hyer and Bhavani (1984) investigated experimentally the
suppression of anticlastic effects in composite plates and extended Pao’s theory, including initial

lateral and longitudinal curvature.

Figure 1.5 Anticlastic bending behavior
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Based on classic plate theory, consider a plate bent by a uniform bending nvynast

shown in Figure 1.5a. The displacement of the middle surface in the z direction measured from

the x axis being denoted ly the approximate formulas for curvatures of the plate, analogous to

the well-known formula for curvature of a beam, are
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R, ax? Ry 6y2
3 A2 2 7
Et ow, d'w
M, = 5 5 tV— (1.5)
12(1-v7)| 0x oy
3 a2 2 7
_ Et o'w , 0w
M, = > 5 TV — (1.6)
12(1-v7) oy ox"

whereR, andR, are the radii of curvature of the middle surface in the longitudinal direction and

transverse direction, respectivelyis the thickness of the plate, and

is Poisson’s ratio. These

equations define the deflection surface of the plate provided the mdvheantslM, are given. In

the particular case wheh,=0, the rectangular plate (Figure 1.4) is bent as a beam. From equa-

tion 1.6 we have for this case

a2

ay

=

N

= -V

0°w
6x2

(1.7)

The plate has two curvatures of opposite sign, so that it is bent into an anticlastic surface as shown

in Figure 1.5 (Timoshenko and Gere, 1963).

Initially, when 1/R is very small, the above classical plate theory is valid. However, as 1/R is

increased, the effect of the longitudinal membrane forces becomes appreciable and must be con-
sidered. According to Lamb’s theory, to investigate the transverse distortion, consider a transverse
strip ofdx cut from the plate. The longitudinal membrane forces on either side of this strip arising
as a result of the transverse distortion have, because of the longitudinal curvature, a resultant per-
pendicular to the plate surface. This amounts to a load distributed along the strip which at any
point is proportional to the deflection of the strip at that point. The problem is therefore analogous
to the problem of a beam on an elastic foundation. By considering an etstyntut from the
deformed plate (Figure 1.6), the governing differential equation for the deflection of the trans-

verse strip is given by
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d4w

—Z+4a’w =0 (1.8)
dy
4 _ 12( 1—v2)
whereda” = ————and R is the radius of curvature of the neutral surface in the longitudi-

nal direction. A general solution of equation 1.8 may be written in the form of

w = Acoshnycosay + Bcoshaysinay + Csinhaysinay + Dsinhaycosay (1.9)
Rewriting equation 1.9 in a nondimensional form, and applying the boundary conditions
(IVyly - 22 = 0, IMy], _,p/p = 0), it follows that

\%’ = Acoshnycosay + Bsinhaysinay (1.10)
whereA = v sinh(ab/2)cos(0(_b/2)—co_sr(ab/Z)sin(ab/Z) ,
a’Rt sinhab + sinab
B = v sinh(ab/2)cos(ab/2) + cosh(ab/2)sin(ab/ 2)

orth sinhab + sinab

For given Poisson’s ratio, the terab/2 is directly proportional to the dimensionless ratio
Mt and it is this ratio which determines the mode of transverse deflections. Equation 1.10
shows that no matter how |arg%/ Rt  becomes, there is always some distortion at the free edges
of the plate (Ashwell, 1950; Conway and Nicola, 1964; Bellow et al., 1965). Throughout 3D finite
element analysis in the present study, anticlastic bending behavior is taken into consideration and
its dependence on thickness and Poisson’s ratio are investigated. More detailed results are speci-

fied in a later section.

Figure 1.6 Plate element
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Chapter 2. EXPERIMENTAL WORK

Thetack performance of pressure sensitive adhesives has been investigated experimentally by
other researchers. Roberts (1997, 1999) described FINAT test method number 9 for loop tack and
compared results of tests. Le et al. (1999) performed loop tack tests on PSA tapes with Mylar or
polypropylene backings at Virginia Tech. The loop tack test is used to examine the behavior of a
sticky tape consisting of a backing and an adhesive. Two different test methods are usually used.
One uses a strip with adhesive on it, and in the other, the adhesive is on the rigid substrate. Once
sample preparation steps are done, all types of loop tack test can be performed in the same way. In
order to measure mechanical properties of materials used in the loop tack test, various types of
tests are carried out. They include uniaxial tensile test, dynamic mechanical analysis test, and
Arcan tensile test. Uniaxial tensile test for stainless steel and Mylar strips, and the Arcan tensile
test for VHB tape, are described in Appendices B and C. These tests are required to obtain a
knowledge of the tensile stress versus strain properties of the strip which forms the tear-drop
shape loop of the loop tack test. Especially, the Arcan tensile test for VHB tape shows the force

versus displacement relationship in the debonding process.

2.1 Loop Tack Test

Loop tack test experiments were performed by Stacy Coulthard. In the experiments, a strip of
stainless steel 12.7mm wide, 0.0254mm-0.1016mm thick (four different thicknesses were used),
and 279.4mm long was formed into a loop. The top of the loop was clamped in an Instron tensile
testing machine in the Adhesion Mechanics Laboratory. VHB tape was placed on the horizontal
platform under the loop where thickness of PSA th 1.143mm. The platform was raised at
12mm/min (Figure 1.1). As soon as the contact area redhdanmx 12.7mm , the platform
was lowered at 12mm/min. The force at the clamp was measured, as well as the displacement of
the platform, until the loop separated from the adhesive. To obtain consistent results, the test
should be conducted under the same environmental conditions (temperature and humidity). Dun-
can et al. (1999) described specimen preparation and conditioning for the loop tack test. Table 2.1

shows the humidity and the temperature in the laboratory for each experiment.
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Throughout the experiments, there are several uncertainties, including the initial position

(Ninitiar), the contact ared (5% W ), the length of the loogd{), and alignment of the

strip
loop with respect to the substrate plate, wheig,hetiS the length of the contact region in the
longitudinal direction, Wi, is the width of the strip, anddg, is the length of the loop after it is
clamped (Figure 2.1). In the numerical analysis, the initial location is such that the bottom of the
teardrop-shape loop contacts only one line through the transverse direction on the adhesive, but in
the experiment the initial height of the loog,f{y;) was usually higher than the numerical one.
Therefore, we need to shift the pulling force curve to eliminate initial error. Ideally, the final con-
tact area is fixed a85.4mmx W,;, at the end of the pushing procedure, but this was not
achieved precisely in the experiments, especially for the thinner strips, because measuring the
contact length in the experiments only relied on the tester's eye. That is, the pulling procedure
started before the contact area reached 25.4mm in some of the experiments. Due to alignment of
the loop, the plane of the loop’s centroidal curve may not be perfectly normal to the surface plane
of the adhesive. Parametric studies have been conducted to understand the effect of experimental

uncertainties.

In the numerical analysis, it is assumed that the rigid foundation is stationary and that the
clamped top of the loop is moved downward and then upward (Figure 2.1). Figures 2.2, 2.3, 2.4,
and 2.5 illustrate curves of the pushing and pulling force (P) versus the displacement at the top of
the loop (o) for different strip thicknesses. The pushing force is plotted as a negative value and
the pulling force as a positive value. As was mentioned, tack is defined as the maximum pulling
force under conditions of short contact time and low contact force. From the experimental results,
it is found that the pushing and pulling force curve trends for different strip thicknesses are similar
in that they include an initial transition region, plateau region, and peak force region. However,
there are large differences in the maximum pulling force, average pulling force in the plateau
region, and area of the pulling zone (Table 2.2-2.5), respectively, even if measured for the same
adhesive because of the effect of strip thickness. This is one disadvantage of the loop tack test.
Due to experimental uncertainties, the measured curves for each thickness are not identical even
though the same strips and adhesives are used. Thus, the repeatability of the experimental results
was not very good. At this point one question arises: out of these results for each strip thickness,

which result should be chosen to compare with the numerical analysis results? Based on the aver-
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age maximum pulling force and area of the pulling zone, one pulling curve is chosen out of the
experimental results for each thickness. Figures 2.6, 2.7, 2.8, and 2.9 depict the chosen pulling

force curves.

Table 2.1 Environmental conditions during the experiments

Loop rt:rlgkness, Temperature;C Humidity, % Rate, mm/min
0.0254 22 59-61 12
0.0508 22 56-57 12
0.0762 23 35 12
0.1016 23 23 12

b Vel =)
,'!'.n.-|-':.'ﬁ| I.:' *
hirili-]
I-l.l.J:...1
(a) Initial (b) The end of pushing

Figure 2.1 Deformed shape of loop
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Table 2.2 Loop thickness = 0.0254mm

Test Minimum y;qpin Maximum Yop Maximum P N Area,
Number | Pushing, mm | in Pulling, mm | Pulling Force, N|  Platea mme
1 -31 17.58 9.08 no plateay 32.08
region
2 -31 17.63 8.94 5.38 23.11
3 -31 18.41 7.81 5.24 29.75
4 -31 18.8 8.64 4.74 34.31
5 -31 18.51 8.35 4.22 27.29
Average 8.56 4.90 29.31
10 ! T ‘ I
8 b
6
2 7',;' ,,,,,,,,, : ]
I‘é’h ‘
e |
(o J |
-2 i I 1
-30 -20 -10 0] 10 20
Yo (MM)

Figure 2.2 Pushing and pulling force vgy,for loop thickness 0.0254mm
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Table 2.3 Loop thickness = 0.0508mm

Test | Minimumyy,in | Maximum ¥, Maximum Polateau Area,
Number | Pushing, mm | in Pulling, mm | Pulling Force, N N mm?
1 -34 19.97 14.84 10.70 80.76
2 -34 19.58 14.60 11.33 82.55
3 -34 20.26 21.73 18.12 123.8%
4 -34 19.78 16.94 14.71 103.02
5 -34 20.9 18.07 14.44 113.85
6 -34 19.38 13.87 10.57 70.60
Average 16.68 13.31 95.77
25
P (N)

(0] 10

Figure 2.3 Pushing and pulling force vg,\for loop thickness 0.0508mm
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Table 2.4 Loop thickness = 0.0762mm

Test | Minimumyy,in | Maximum Y, Maximum Polateau Area,
Number |  Pushing, mm | in Pulling, mm | Pulling Force, N N mm?2
1 -38 23.29 46.48 40.71 390.78
2 -38 19.63 29.49 22.01 205.62
3 -38 21 49.27 38.87 362.99
4 -38 20.8 38.62 30.09 303.043
5 -38 20.07 27.39 16.05 170.52
6 -38 19.24 26.51 20.31 220.88
Average 36.29 28.01 275.64
50 ‘ .
PN 2
-40 -30 -20 10 (] 10 20
y,, (mm)
op

Figure 2.4 Pushing and pulling force vgyyfor loop thickness 0.0762mm
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Table 2.5 Loop thickness = 0.1016mm

Test | Minimumyy,in | Maximum ¥, Maximum Polateau Area,
Number | Pushing, mm | in Pulling, mm | Pulling Force, N N mm?
1 -39 18.12 22.12 6.30 100.9d
2 -39 18.46 22.22 4.94 93.55
3 -39 18.7 21 5.91 96
4 -39 18.65 17.87 4.43 79.24
S -39 19.04 17.14 3.72 80.06
6 -39 18.80 18.99 5.21 90.76
Average 19.89 5.08 90.09

25

P (N)

-40 -30 -20 -10 (0] 10 20

y (mm)
o]

Figure 2.5 Pushing and pulling force vg,\for loop thickness 0.1016mm
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Figure 2.6 Pulling force vsgy, for loop thickness 0.0254mm
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Figure 2.7 Pulling force vsgy, for loop thickness 0.0508mm
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Figure 2.8 Pulling force vsgy, for loop thickness 0.0762mm
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Figure 2.9 Pulling force vsgy, for loop thickness 0.1016mm
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2.2 Dynamic Mechanical Analysis Test

Pressure sensitive adhesives are polymers and polymeric materials exhibit viscoelastic proper-
ties, that is, they have viscous and elastic properties. The viscoelastic behaviour of the polymers is
determined by dynamic mechanical measurements with an instrument with parallel plates as
shown in Figure 2.10. Measurements made on a VHB tape in sinusoidal oscillation in shear
between parallel plates give stress and strain curves. The stress leads the strain by a pbase angle
The linear elastic response of the material is proportional to the strain, so it is in-phase with the
strain, while the viscous response is proportional to the rate of strain, and it is 90 degrees out-of-
phase with the strain. The response can be resolved vectorially into the in-phase component with
tensile storage modulls  and the out-of-phase component with tensile loss niddulusd . Tan
the ratio ofE” toE' , is called the loss factor (Satas, 1989). The storage mBfulus  is associated
with energy storage and release during periodic deformation. On the other hand, the loss modulus
E" is associated with the dissipation of energy and its transformation into heat. The ratio
E"/E' = tand is widely used as a measure of the damping capacity of viscoelastic materials.
The complex modulus for the mechanical modé€lE E' +iE" ) may be detemined by using

the constitutive equation of the model.

Dynamic mechanical analysis (DMA) tests were carried out by Lei Zang, who was a graduate
student in the Chemistry Department. In Figure 2.11, dynamical mechanical data for VHB tape as
a function of temperature are shown. At low temperature in the tensile storage modulus curve, the
VHB tape is in the glassy state and it is brittle and stiff, and as the temperature increases, the spec-
imen become flexible and changes into the rubbery state. A plot of the tensile loss modulus has a
shape similar to that of tensile storage modulus except for the leftward transidn of after it
reaches a maximum value as the temperature decreases. The maximum idthe tan  (loss factor)
curves in Figure 2.11 (c) occurs at the glass transition temperagrdt (i important to note,
however, that the position of the peak in thedan curve is not only dependent upon temperature,

but also upon frequency. Equations for DMA data conversions are specified in Appendix C.
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Figure 2.10 DMA specimen for out-of-plane tensile tests
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(a) Out-of-plane tensile storage modulus vs. temperature for VHB 4950 1/2”
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(b) Out-of-plane tensile loss modulus vs. temperature for VHB 4950 1/2”

38



1.4

1.2 [

—&— 10Hz,#1
— = 10Hz#2

0.8 |

0.6

Loss Factor

0.4

-70 -20 30 80 130

Temperature, |C

(c) Out-of-plane tensile loss factor vs. temperature for VHB 4950 1/2”

Figure 2.11 DMA test
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Chapter 3. NUMERICAL ANALYSIS

Inthe previous finite element analyses of the loop tack test (Hu et al., 1998; Duncan and Lay,
1999), numerical loop tack test simulation was generated using 2-node, linear, in-plane beam ele-
ments. The real test, however, exhibits 3D behavior. Accordingly, a 3D nonlinear finite element
analysis is conducted to investigate the 3D behavior of the loop in the initial part of this study.
Based on the 3D results, and to save computational time, hybrid beam elements are then used. All
simulations of the loop tack test are performed with 3D and 2D finite elements using the commer-
cial finite element program ABAQUS, and it includes a nonlinear problem in several aspects. The
loop deformation is large enough that equilibrium equations must be written with respect to the
deformed configuration, i.e., it is a geometric nonlinearity problem. The strip material properties
are functions of the state of stress or strain, i.e., it is a material nonlinearity problem. ABAQUS is

capable of solving problems with both material and geometric nonlinearities.

Themodel of the strip consists of two materials, stainless steel or Mylar. The Mylar strip model
is used to compare anticlastic bending behavior of the loop and the planar deformed shape of the
loop throughout the numerical analysis. The pressure sensitive adhesive (PSA) is assumed to be
on the substrate as a thin layer, rather than on the loop. The shear stresses in the layer are assumed
to be negligible, and the deformation of the PSA is approximated as uniaxial extension of inde-
pendent adhesive strands. Thus, the adhesive is modeled as a Winkler-type linear elastic founda-
tion or viscoelastic foundation. The strip, considering plasticity, is represented using hybrid beam
elements (B21H) or shell elements (S4R). The ABAQUS SPRINGL1 element is used to define the
Winkler-type elastic foundation as a PSA. The vertical stiffness properties of the SPRINGL1 ele-
ment are represented by a force-displacement relation which models the bonding and debonding
sequence between the strip and the substrate. In the bonding formation, it is assumed that the loop
is perfectly bonded to the adhesive and frictionless contact occurs between the loop and the adhe-
sive. To model a Winkler-type viscoelastic foundation, the simplest model, composed of elastic
springs and dashpots (Kelvin-Voigt model), is chosen. The ABAQUS SPRING1 and equivalent
concentrated load instead of dashpot are considered to describe the Kelvin-Voigt model. Once the
strip has formed the teardrop shape, pushing and pulling simulation is conducted by applying the
proper displacement to the top of the loop. A parametric study is conducted to investigate the tack

of the loop. In Appendix A, using the finite difference method, the 2D no-contact teardrop shape
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of the loop is simulated. It is an alternative numerical analysis and only performed for the initial

loop formation procedure.

3.1 Modeling of Strip in ABAQUS

For modeling purposes, the strip is represented first using shell elements (S4R) and then using
hybrid beam elements (B21H) in ABAQUS. Due to symmetry, a quarter of the loop and a half of
the loop were analyzed in three-dimensional and two-dimensional simulations, respectively (Fig-
ure 3.1). To consider the plasticity effect of the stainless steel strip or Mylar strip material, stress
versus strain curves are idealized by a bilinear elastic-plastic relationship (Figure 3.2) from uniax-
ial tensile test results. The unloading process occurs in the now-debonded peel strip away from the
peel front. Figure 3.3 illustrates transition of the maximum von Mises stress during the loop tack
test simulation. More detail results about the plasticity effect are presented in chapter 5. Uniaxial
tension tests were conducted to obtain the tensile stress versus strain properties of the material
(Appendix B). ABAQUS requires the use of the true stress versus the logarithmic plastic strain
relationship for the inclusion of the material nonlinearity. This must be determined from the engi-
neering stress-strain relationship usg,e = Og(1+€cpg) apd = In(1+¢g5,9 . Large-
strain conditions were used, with the von Mises yield criterion, isotropic strain-hardening, and

associated plastic flow.

Hybrid beam elements are provided for use in cases where it is numerically difficult to compute
the axial and shear forces in the beam by the usual finite element displacement method. This prob-
lem arises most commonly in geometrically-nonlinear analysis when the beam undergoes large
rotations and is very rigid in axial and transverse shear deformation, such as a flexing long pipe or
cable. The problem in such cases is that slight differences in nodal positions can cause very large
forces which, in turn, cause large motions in other directions. The hybrid elements overcome this
difficulty by using a more general formulation in which the axial and transverse shear forces in the
elements are included, along with the nodal displacements and rotations, as primary variables.
Although this formulation makes these elements more computationally expensive, they generally
converge much faster when the beam’s rotations are large and, therefore, are more efficient overall

in such cases (ABAQUS, 1997). Thus, the hybrid beam element is more suitable than the normal
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beam element in the case of geometric nonlinear problems. However, the calculations were termi-
nated, even when using hybrid beam elements, after the peak pulling force was reached. This
computational difficulty may be posed by ill-conditioning, that is, large stiffness differences

between loop and springs that occur after a certain top displacement of the loop. However, it

occurs after the peak pulling force has been achieved, and is not critical problem.

¥ langitudiing| centarline :|:w

transwverss centerling
Top View

I o4l | oL |

(a) 3D modeling

transverse centarline

050 I
(b) 2D modeling

Figure 3.1 3D and 2D strip modeling
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3.2 Simulation of Teardrop Shape: Loop Formation in ABAQUS

In order to form the teardrop shape of the loop from the initial flat strip, the following process
is used in the finite element simulation, shown in Figure 3.4. The displacement control method is
used through the numerical analysis. Recently, Qi (2000) used this method to develop her simula-
tion in ABAQUS. The initial boundary conditions are shown in Figure 3.1(b). In the 3D analysis,
the boundary condition along the left end is clamped, the longitudinal centerline has a symmetric
boundary condition, and the transverse centerline is allowed to have y direction translation. In the
2D analysis, the left end is clamped and the right end is only allowed y direction translation
because of symmetry. The 3D loop model consists of a total of 1911 nodes and 1800 shell ele-

ments (S4R) as shown in Figure 3.1(a). The 2D loop model includes a total of 91 nodes and 90
W
2
centerline to capture the localized curvature and contact with the adhesive. To avoid abrupt

hybrid beam elements (B21H). A finer mesh is created in an afealok near the transverse
changes in element size, the spacings of the nodes are gradually changed from the left end to 0.4L
(Figure 3.1(a)) where L is the total length of the initial flat strip. Even if element aspect ratios are
satisfactory for an abrupt element size change, a disturbance appears in the gradient field in the
neighborhood of the abrupt change. The element size in the fine mesh part is
0.5588mmx 0.3175mm

Atfirst, a certain amount of rotation is applied to the right end until the angle of the right end
support is90° from the initial boundary conditionO(= ), as shown in Figure 3.5. Applying dis-
placements in a simulation procedure, we must control step increments to avoid errors in
ABAQUS. Even though ABAQUS controls step increments in nonlinear finite element analysis by
itself, the user should assign appropriate values to achieve satisfactory results. Once the strip has
formed the teardrop shape, a displacement is applied to the top of the teardrop shape loop until a
contact length of 25.4mm is reached. Then a displacement is applied to the top of the loop in the
opposite direction until the loop pulls off the substrate. Since the contact pattern depends on the
thickness and elasticity modulus of the strip, in order to define nonlinear springs in accordance
with contact of each node, the displacement increment of the top of the Iggpi(dthe pushing
procedure is not constant. However, the displacement increment of the top of the |ggpr(dy
the pulling procedure is constant, for examplgg gy 1mm up to ;=0 and dy,, = 0.1mm until

the loop pulls off the substrate. Figure 3.4 shows the deformed shape at three steps during applica-
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tion of rotation to the right end (transverse centerline) in 3D finite element analysis. Only a quar-
ter of the strip is shown because of symmetry. Figure 3.4(c) is the last configuration in the loop

formation procedure, which has achieved a quarter teardrop shape of the loop.

(b)

ﬂf” :

(€)

Figure 3.4 Simulation of forming the loop in ABAQUS (3D)
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i

Figure 3.5 Formed loop in ABAQUS (2D)
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3.3 Modeling of Pressure Sensitive Adhesive in ABAQUS

3.3.1 Elastic springs

The adhesive is replaced by Winkler-type elastic or viscoelastic foundations. For the elastic
case, the assumed force-displacement relationship for each nonlinear spring is illustrated in Fig-
ure 3.6. Throughout the numerical analysis, the tensile force-displacement relationship for each
elastic spring has the same form as that adopted by several researchers (e. g., Wei and Hutchinson,
1998; Yang et al., 2000; Kafkalidis et al., 2000; and Yang and Thouless, 2001). Wei and Hutchin-
son (1998) employed a traction-separation relation to model the interface as a condition linking
continuum descriptions of the film and the substrate in the peel test. Yang et al. (2000) conducted
a numerical 2-D study of the symmetri&4)° peel test using ABAQUS. In that study, the inter-
face was replaced by user-defined elements that simulated a similar traction-separation relation-
ship. Kafkalidis et al. (2000) also used a trapezoid shape traction-separation law to model the
adhesive layer for plastically-deforming, ahesively-bonded joints. The results of the Arcan tensile

test (see Appendix C) also show a similar trend.

Theforce-displacement relationship is made up of a compression zone defining bonding for-
mation and a tension zone defining debonding of the adhesive. In the compression zone, it is
assumed here that the deflection of the spring into the foundation should not be greater than 20%
of the thickness of the adhesive. The force of the spring in the compression zone is defined as fol-

lows:

Force = K gpring)ysﬁ““gAl (3.1)
a

where A is the tributary area at the node. Usually=A7.097mn in the 2D analysis, but at the
right end nodes it is half of this value fbecause of symmetry. In the case of 3D analysis it is
necessary to consider three different tributary areas, whichlaré)AL774mrﬁ (for nodes at the
inside of the strip), A= 0.0887mr (for nodes at the x-y centerline), ang:A0.0444mrﬁ (for

nodes at the corner).

Thefunction E(y) in the compression zone is chosen to approach infinty-asd and to be

almost constant for small negative valuey.d&dased on thisE(y) is chosen as follows:
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Cly2n

E(Y) = Boq| 1+ —=—+ (3.2)
(d -y

For example, in the case of adhesive thickigsd.143mm, we use=2, m=2, ¢;=1, d=0.2h,,

Y=Yspring

4

y .

E(yspring) = E01|:1+ Szprlngz 2:| (3-3)
{(O'Zha) _yspring}

Figure 3.7 (a) shows a plot of equation 3.2 and Figure 3.7 (b) presents the force versus displace-

ment relationship of the nonlinear spring in the compression zone.

Theinitial slope of the tension field is assumed to be the same as the initial slope of the com-
pression zone, i.e., it is the same as the elasticity moduysaffthe PSA at y=0. The elasticity
modulus (f,) is determined from DMA test results. As shown in Figure 3.6 and equation 3.4, the
failure criterion for debonding assumes that the adhesive will debond when it reaches a certain
length (B, + B, + B3)h, ). The force-displacement curve from the Arcan tensile test (see Appen-
dix C) offers a way to characterize debonding (the formation and growth of fibrils) quantitatively.
However, the behavior of the PSA from the Arcan tensile test and the loop tack test may be differ-
ent because of the different experimental methods. Therefore, the Arcan tensile test may just sug-

gest a trend of the load versus displacement curve and fufh B;and values.

Inthe 2D analysis the PSA is modeled with 24 spring elements (SPRING1) in the y direction
and springs are attached to nodes throughout the contact length (25.4mm). The 480 spring ele-
ments (SPRING1) are taken into account in the contact 2Bednimx 6.35mm ) for 3D analy-
sis. The number of springs is dependent upon the number of nodes in the contact area; that is, if
the mesh is refined further, then more springs will be needed. Figure 3.8 illustrates the pushing
and pulling procedure with the Winkler-type elastic foundation in 2D finite element analysis. The
shear deformation in the adhesive is disregarded. Instead of using contact simulation in ABAQUS,
contact between loop and adhesive is defined by a different process, as given in Figure 3.9. First
all springs at nodes in the subsequent contact area are defined together and they are inactivated.
Then, in the bonding procedure, each spring activates as soon as the node on the loop at the top of
the spring reaches the substrate. In the debonding procedure, activated springs work continuously

until the total spring elongation reachigs + 3, + B3)h,
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The algorithm of how the nonlinear spring works is presented as follows:

0
Yspri .
E E(ysprmg)i;’]";l@’Al if 0.2, <Yp1ing <O
[l
E ayspring if O< yspring< Blha
F= E aBlha if Blha < yspring< (Bl + Bz)ha (3'4)
O aB :
E _B_gl{ yspring_([31+ BZ+B3)ha} if (B1+ Bz)hagyspring<(81+ [32+I33)ha
E 0 if (Bl + BZ + Bs)has yspring
ye A E
— i — 1=-01
WhereE(Yspring = Eoa| 1+ S'Zp””gz 5| andt = —
{(O-Zha) _yspring} 2

Vel 0) 1
| !.I',:;Il_-rtl.i'l

initial position {y,. =)

1 Wy L0}

F ¥ e (<01 m_{{

Figure 3.8 Pushing and pulling phases with Winkler-type elastic foundation
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3.3.2 Viscoelastic Model

Various mechanical models have been suggested to describe the behavior of pressure sensitive
adhesives in peel. Hata (1985) suggested that the deformation of the PSA is approximated as
uniaxial extension of independent adhesive strands. Using a set of parallel Maxwell elements the
adhesive’s rheological properties were modeled. He assumed that the failure criterion for debond-
ing of these extended adhesive strands from the substrate is based on reaching a critical value of
the stored elastic energy density in the strand. More recently, Mizumachi (1985), Hatano (1989),
and Tsukatani (1989) have applied Hata’s method, using the two-element model and treating the
parameters of the Maxwell element models, to the problem of predicting the rolling friction coef-
ficient of PSAs as a function of speed and temperature, and have provided modifications to
account for the bonding process as well as the debonding process (Yarusso, 1999). Yarusso (1999)
also followed Hata’s suggestion and employed a generalized Maxwell model description of the
adhesive rheology to the prediction of peel force versus peel rate master curves for PSAs, obtain-

ing the parameters of the model from the measured dynamic mechanical properties.

Weassume that mechanical behavior of the pressure sensitive adhesive can be described by
Winkler-type viscoelastic foundations. A Kelvin-Voigt model is adopted, as shown in Figure 3.10.
This model consists of a spring and viscous dashpot in parallel. The constitutive equation of a

Kelvin-Voigt model is

o = Ee+ne (3.5)
The viscoelastic properties of VHB tape were measured in DMA tests as presented in Chapter 2.2.
Through the use of complex variables, a viscoelastic material which is subjected to the strain his-

tory €(t) = gysinwt has the stress response

o(t) = E'(w)gysinwt + E" (w)eycoswt (3.6)
whereE' is the tensile storage modulus &1id s the tensile loss modulus Singgcosowt ,

eqguation 3.6 can be written as

a(t) = E’(w)e+@é 3.7)

A comparison of equation 3.5 with equation 3.7 suggests the association with the spring constant

E and the viscosity; as follows:
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E = E andn = % (3.8)

In the present study, for the Kelvin-Voigt model, the same nonlinear elastic spring element is
attached at the node for the spring element and the dashpot is replaced by an equivalent load

instead of attaching a dashpot element. The equivalent dashpot force is generated as follows:

dal _ A (3.9)

F :AI']S :Aﬂah— =
a

whereA = %—? is the elongation rate,= % is the damping coeffickeist the tributary area

a
at the node (it is the same as in the elastic spring casd),and is the adhesive thickness. Substitut-

d
ing dt = M into equation 3.9, the following equivalent dashpot force is obtained:
top

da  _ oV (Yis1—Yi)
|dytop| t0p|(ytop)i +1° (ytop)i|

Fii1 = CVop (3.10)

wherei is the step number. In applyiyg,, the dashpot force is updated at every step. The failure
criterion of the dashpot is the same as for the elastic spring, i.e., when the elastic spring debonds,
the dashpot will be released simultaneously. Figure 3.11 shows the algorithm of how the equiva-

lent dashpot force is applied.

Thebehavior of most real viscoelastic materials cannot be described very well by Kelvin or
Maxwell models (which have only two parameters). More complicated models with larger num-
bers of adjustable parameters should be used to approximate more closely the behavior of real

materials.

Figure 3.10 Kelvin model

55



Form teardrop shape
e Wanma i _.l._l‘_'s'-“:’.'.-u

P St Fornmi

Apply displacement IFr I"il

=l a1 the top of loop: A L
gl [ N

easdire fosde
displacements of the

|'|:H:IF‘-' |:b||]'n,:!ﬁ|- I:lr

'

Ay 1= orarn~ (¥
1R TR N

'.!|'|-|l TAS i
| | .

*\-\I-I. v P
N T
ik e

where i=step numbe
n=node numbie

(it 2Ly e

Mo

dy =iy =iy kAl el
F|_|=|:| il

Fu1=0a iy e Fia=tvmtht g

'

Apply equivalent
I 1 -

Figure 3.11 Flowchart for viscoelastic model

56



Chapter 4. PARAMETRIC STUDY

Thepulling force curve is considered for several cases, using the 2D analysis, after the dis-
placement at the top of the loopy reaches the initial location during the pulling procedure.
Figure 4.1 shows a typical pulling force curve. It is classified in three regions, which are the initial
transition region, plateau region, and peak pulling force region, respectively. The pulling force at
each value of y, is generated by the total forces in the springs. The maximum force reached as
the loop is pulled off the substrate is called the tack or pull-off force. Unlike the results of Will-
iams (2000), the pulling force versus top displacemegt)(pf the loop shows a plateau and a
final sharp peak in the present numerical results, as in the experimental results. The existence of
fibrils during debonding, and stretching of the loop during pulling, may cause a plateau region to
occur before the peak pulling force is reached. As each result shows, even though the trend of the
pulling force versus top displacement of the loop agrees approximately with the experimental
results, there are still differences between the numerical and experimental results. Therefore, it is
necessary to do a parametric study in order to show how each parameter contributes to the pulling

force curve.

Different parameters considered to investigate the tack of the pressure sensitive adhesive are:
(1) nonlinear spring function paramets 3,, ,83d ;(2) contactlgga (.x Witrip ); (3)
length of loop (leep); @and (4) strip thicknessg(f,). Details of the parameters are specified in
Tables 4.1 and 4.2. The size of the stainless steel strip is the same as used in the experiments. The
mechanical properties of the strip &#e= 153GPav 7 0.27 , and the yield stress is taken to be
o, = 11088MPa. The adhesive is spread as a Winkler-type elastic foundation and the modulus
of elasticity (7)) is kept equal to 8MPa in the parametric study. This value is obtained from the
DMA test for VHB tape when the laboratory temperatur@3sC . The influence of different
moduli of elasticity (fg;) in the springs is studied in next chapter. Throughout the parametric
study, the displacement at the top of the loop, the peak pulling force, area of the pulling zone, and
average pulling force in the plateau region are quantified and graphically depicted. The area of the
pulling zone represents the energy required to separate the adhesive from the loop. It is related to
peel and tack. The pushing force curve is identical, even though different nonlinear spring func-

tions are selected in the numerical analysis. So the total spring force curves in the pushing phase

57



are not specified in the parametric study. However, the pushing force curves are variable accord-

ing to different thicknesses with the same nonlinear spring function, as given in section 4.4.

Frn.:m"

Area

F'pl.un:u 1

D Viap

Figure 4.1 Pulling force (tack) curve
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4.1 Nonlinear spring function parameters

The eflect of the nonlinear spring function paramet@ys 3, , ,[@&nd on the pulling curve is
investigated. From the results, it can be seen that the pulling force curve is sensitive with respect
to the nonlinear spring function. As presented in the previous chapter, the nonlinear spring ele-
ment (SPRING1) is used to model the pressure sensitive adhesive in the Winkler-type elastic
foundation. The nonlinear spring behavior in the tension zone is defined by pairs of force-dis-
placement values using paramet@rs B,, , Apd (Figure 4.2) and the compression zone is
described by Bf) in section 3.3.1. The nonlinear spring function in the tension zone as shown in
Figure 4.2 models the debonding process, plotted as positive values. Throughout the numerical
analysis for the effect of the nonlinear spring function parameters, other parameters are fixed: the
strip thickness ) is 0.0762mm, the contact area2s.4mmx 12.7mm , and the length of the
loop is 279.4mm.

4.1.1 B,

Theparameter3; defines the length of the ascending part of the curve. The initial slope is
determined by the initial slope of the compression zone (Equations 3.4). It is edu&ltd h_
Because the maximum vertical force of the spring is determindd by , it is expectBd that is
the most important factor in the nonlinear spring function. Other parameters are fikgd &
andB; = 0.5 in this section. AB; s increased, the following points are observed from Table
4.3 and Figures 4.3 and 4.4:

1. The initial slope of the pulling force curve increases.
2. Overall the pulling force curve is higher.
3. The displacement at the top of the loogyincreases at the point when the maximum pull-
ing force occurs.
The straight lines in Figure 4.4 indicate that the maximum pulling force and the area of the pulling
force curve vary almost linearly wif, . Compared to the other param@ter8{ , ), the rates of

increase with3; are the largest. This result show
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Table 4.1 Details of parameters investigated

Parameters
Contact area . of L
en of Loo ) )
(Leontact™ Wstrip)’ g P Strip thickness, mm
(Lioop): mm
mmé
254% 12.7 279.4 0.1016
17.88x 12.7 269.4 0.0762
16.76x 12.7 259.4 0.0508
14.53x 12.7 0.0254

Table 4.2 Details of nonlinear spring function parameters investigated

Nonlinear spring function parameters

By B> Bs B, B, B3 B1 B, B3

0.01 2 0.5 0.02 1 0.5 0.02 2 0.0%
0.02 2 0.5 0.02 2 0.5 0.02 2 0.1
0.03 2 0.5 0.02 3 0.5 0.02 2 0.2
0.04 2 0.5 0.02 4 0.5 0.02 2 0.3
0.05 2 0.5 0.02 5 0.5 0.02 2 0.4

0.02 0.5

0.02

2

2
0.02 2 2
0.02 2
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Figure 4.2 Nonlinear spring function in the tension zone

Table 4.33, = 2 B3 = 0.5 ,p = 0.0762mm

By Pmax N Area, mnt | Pplateau N
0.01 9.51 67.45 4.78
0.02 17.35 133.92 10.21
0.03 23.94 204.86 15.78
0.04 30.38 274.46 21.82
0.05 36.42 389.68 27.61
expt 29.49 185.76 21.92
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4.1.2 B,

The effect o3, on the pulling force curve is studied. The pararffigter  specifies the length of
the horizontal part in the spring characteristic in Figure 4.2. This region represents fibril deforma-
tion of the adhesive. From the Arcan tensile test result, it is verifie@ihat ~ should be the largest
parameter of the nonlinear spring function parameters. The following points can be observed from

Table 4.4 and Figures 4.5 and 4.633s  increases:

1. The initial slope of the pulling curve does not change.
From Figure 4.4, it is seen that the length of the plateau region decreases.

3. Like the 3; case, the pulling force curve increases overall but the amount of increase is
smaller than for th@, case.

4. The maximum pulling force increases almost linearly and the area of the pulling zone

increases approximately quadratically (a quadratic curve is fit with the data).

Table 4.4, = 0.02 B3 = 0.5 ,dyjp=0.0762Zmm

B, Pmax N | Area, mnf | Pplateau N
1 12.01 83.36 5.40

2 17.35 133.92 10.19
3 22.10 174.19 14.68
4 26.86 211.03 19.37
5 31.57 240.00 23.79

expt 29.49 185.76 21.92
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4.1.3 B,

Thelength of the falling branch is defined By . From the numerical results, an oscillating
pulling force in the pulling force curve is observed aftgf, yeaches the plateau region. This
behavior was observed in the experiment, but the main cause is different. According to Satas
(1989, 1999), as the peel rate increases the relatively smooth peel is transformed to a “slip-stick”
failure and the pattern of peel-force variation depends on the mode of failure in the peel test. In
the range of cohesive failure, the peel force varies greately in a random manner around some
mean value. The peel force is usually higher than that observed in adhesive failure. In the region
of slip-stick peel failure, the force starts to fluctuate periodically. In the numerical analysis, as
soon as the springs at the peel front reach the specified critical elongation, they become inactive.
Because of this inactivation of springs, the total spring force decreases at the next step and oscilla-
tion occurs in the plateau region. Additionally, there are different sources increasing oscillation in
the pulling force curve. A small value 8  and the large mesh size of the contact part cause the
oscillation of the tack curve in the numerical analysis. If the slope @the  regionin Figure 4.2 is
steep (that isf3; is small), the oscillation will increase. Except for the bottom curve, for
B; = 0.05, there is not much oscillation in Figures 4.7 and 4.8. Especiafy, if is larger than
0.5 it would not show oscillation (Figure 4.8). Figure 4.9 illustrates increased peak pulling force
and area of pulling curve with increaeffa . When increaBing , the following observations are
made:

1. The oscillation of the pulling force curve grows after the pulling force reaches the plateau
region.

2. The plateau length decreases.

3. The whole pulling force curve increases but the amount of increase is obviously smaller than

for the3; and3, cases.

From Figure 4.10, it is seen that the wavelength and the amplitude of the pulling force curve
increase with increasing, [, =0.02afld =0.1an@,if =0.05@nd =0.2. In particular, in
the second case, with largBy &gl , the oscillation is much larger as shown in Figure 4.10.
The strip thickness and elasticity modulus of PSA also affect the oscillation, as shown in chapter
4.4 (Figure 4.15) and chapter 5.6 (Figure 5.16). Thus, oscillation of the pulling force in the
numerical analysis is not dependent upon one parameter. Use of a more refined mesh in the con-

tact area is able to decrease the oscillation in the numerical results.
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Table 458, = 0.02 ,B, = 2 ,dyip= 0.0762mm

Bs Pmax N | Area, mnf | Pplateau N
0.05 16.84 122.71 9.07
0.1 16.84 123.61 9.17
0.2 17.06 127.45 9.43
0.3 17.17 129.55 9.64
0.4 17.22 131.75 9.87
0.5 17.35 133.92 10.23
1 18.57 144.41 11.33
2 20.92 163.76 13.71
3 23.25 181.12 16.04
expt 29.49 185.76 21.92

50

P (N)

Yop (MM)

Figure 4.7 Pulling force curves for differepy  (=0.05, 0.1, 0.5, 1, 2, 3)
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4.2 Contact Area

Since the numerical pulling force curve is determined by 2D finite element analysis, the effect
of anticlastic bending is ignored. Accordingly, the contact length in the longitudinal direction is
only taken into account and the contact length in the transverse direction is assumed to be the
width of strip (Wsyip) in 2D analysis. The influence of the contact area is presented in Table 4.6
and Figure 4.11. Parameters are fixedBas= 0.02 B, = 0.75 B3 = 0.5 , strip thickness
tstrig=0-0254mm, and length of loopyb,=279.4mm. Throughout the loop tack test, the contact
area at the end of the pushing phase is kept eq@al.4onmx 12.7mm , but due to experimental
uncertainties it is hard to accomplish. Table 4.7 shows that the contact area for various strips in the
experiments did not achieve this value. A comparison of the pushing displacement between
ABAQUS and the experimental results is given in Table 4.7. Values of contact area with respect to
experimental y,, in Table 4.7 are numerical analysis results and it presents how much contact
area may have occurred in the experiments. A thinner loop needs to be pushed down further to
achieve the same contact area. Thus, the numerical analysis result is used as the benchmark of the

contact area for different thicknesses. The effect of contact area is as follows:

1. The plateau length increases with an increase of the contact area (Figure 4.8). Since the start-
ing point of the plateau region in the pulling force curve occurs when the first peel front
springs fail (i.e., reach critical elongation), the plateau region starts early as the contact length
increases.

2. The initial slope of the pulling force curve, peak pulling force, and average pulling force in the

plateau region of the pulling force curve are the same.

Table 4.6, = 0.02 B, = 0.75 B3 = 0.5 ,dip=0.0254mm

L contact MM Ytop MM Prax N | Area, mnf | Pplateau N
14.53 -33 7.01 41.06 4.72
16.76 -34 7.01 43.78 4.72
17.88 -35 7.01 49.29 4.72
254 -39.54 7.01 65.80 4.72
expt -31 8.64 34.45 4.55
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Table 4.7 Comparison of the pushing displacement at the top of the loop

Strip Contact areaw. r. t Yio Contactareaw.r. t
. ABAQUS P ;
thickness, Yiop! " QU ABAQUS Yiop, | (Experimental | experimental .,
mm results), mm mm? results), mm mm?
0.0254 -39.59 25.4x%x 12.7 -31 11.18x 12.7
0.0508 -39.12 25.4% 12.7 -34 17.88x 12.7
0.0762 -38.66 25.4% 12.7 -38 22.35x 12.7
0.1016 -38.24 25.4% 12.7 -39 25.4%x 12.7
20
—e— expt
—=—L =15.64 mm
15 *Lz: Cl:16.76 mm
X Lcontact:lg mm
— Lconwa:25.4 mm
P(N) 10
5 \
ol |

to

y (mm)
o]

Figure 4.11 Pulling force curves for different contact lengti{ka
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4.3 Length of Loop

While the strip is clamped in the forming procedure in the experiment, it is hard to keep the
length the same every time because of human error in the taped part in Figure 4.12. Even though
this uncertainty occurs, it is assumed that the range of error does not go beyond 20mm (this is the
total taped length of the left and right ends of the strip, therefore the taped length on each end of
the loop is less than half of this). To study the effect of the loop length, three cases are taken into
account as given in Table 4.8. Parameters are fixg| as 0.02 B, =,0.75 B5; =,0.5 , Strip
thickness=0.0254mm, and contact areaA=0mmx 12./m , respectively. The position of the
pulling force curve shifts leftward overall as shown in Figure 4.13, but the maximum pulling force
and the average force in the plateau region do not change much (slightly increase as seen in Table
4.8) as the loop length decreases. Since the change of the loop length causes the variation of the
initial loop height after forming, overall the pulling force curve moves leftward or rightward
depending upon an increase or decrease of the length of the loop. Thus, the effect of the length of

the loop is important compared to other parameters.

Taped part

Figure 4.12 Teardrop shape of the loop
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Table 4.8, = 0.02 B, = 0.75 B3 = 0.5 ,dip=0.0254mm

Lioop MM Prax N | Area, mn? | Ppiateau N
279.4 7.01 49.28 4.69
269.4 7.10 49.22 4.85
259.4 7.42 49,52 5.06
expt 8.64 34.45 4.55

20

— e— expt
15 | —B—L =279.4 mm

loop
—a—L __=269.4 mm
loop

—>—1L =259.4 mm
loop

P(N) a0 Lo ]

Figure 4.13 Pulling force curve for different length of loop{})
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4.4 Strip Thickness

Thestrip thickness has an effect on the pulling force. An investigation of the loop tack test
including the effect of strip thickness using finite element analysis has been reported by Hu et al.
(1999) and Duncan and Lay (1999) previously. Their results show that the measured tack force
decreases as the strip thickness increases. In their simulation, however, they did not include mod-
eling of the adhesive layer (they just used the *SURFACE BEHAVIOR routine in ABAQUS); that
is, they did not take into account the physical properties of the adhesive. This does not consider
the higher contact pressures produced by the stiffer tapes that would tend to increase the measured
tack. Le et al. (1999) show the effect of backing thickness throughout the loop tack test. In their
report, the transition of the peak pulling force with respect to three different thicknesses is similar
to that in Stacy Coulthard’s results (Figure 4.14a) at the 12mm/min rate, but at a higher rate

(310mm/min) the peak pulling force increases with increasing thickness.

Inthe present study, the dependence upon thickness in the experiments is shown in Figure
4.14. The numerical analysis results depend upon which nonlinear spring function is adopted, and
choosing the nonlinear spring function is based on the experimental results. Therefore, compari-
son of the influence of the strip thickness effect with numerical results is meaningless if the non-
linear spring function is selected from the experimental results for each thickness case. The
experimental results correspond to four different thicknesses compared with each other at the
same debonding rate (12mm/min), temperat@® (), and adhesive (VHB tape) in Figure 4.14.
All trends of characterized quantities are the same, but they do not show good repeatability, espe-
cially for the 0.0762mm strip. A larger thickness of the strip will require a larger pushing force to
achieve the same contact area and then, as pointed out by Creton and Leibler (1996), better con-
tact (complete wetting) will occur. Accordingly, because of good contact, the overall pulling force
curve should increase with increasing thickness. However, Stacy Coulthard’s results do not show
an ascending trend of the peak pulling force, plateau pulling force, and area of the pulling zone

with increasing thickness, as shown in Figure 4.14.

Table 4.9 and Figures 4.15 and 4.16 show the effect of strip thickness in the numerical analysis
for a given same nonlinear spring function. Parameters are fix¢d &s0.02 (3, =,0.75 ,
B3 = 0.5, the contact area 25.4mmx 12.7mm , and length of loog,}=279.4mm. As

increasing strip thickness, the position of the pulling force curve moves leftward overall and the
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peak pulling force increase (Figure 4.15). Figure 4.16 shows increase rate of the pulling force and
area of the pulling zone. Since the bending stiffness of thicker loop is larger than thin one, the

pushing force curve increase overall as increasing strip thickness (Figure 4.17).
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Table 4.9B, = 0.02 B, = 0.75 B, = 0.5

Thickness, mm Prmax N Area, mn? Polateau N
0.0254 7.01 65.46 4.64
0.0508 9.18 68.92 4.53
0.0762 10.85 72.33 4.26
0.1016 12.26 77.34 4.07

15

—oe— 0.0254mm
— = 0.0508mm
—>—0.0762mm
— + 0.1016mm

10

P (N)

Y, (Mm)
op

Figure 4.15 Numerical results for pulling phase
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Chapter 5. RESULTS AND DISCUSSION

5.1 Loop Behavior

Plaut et al. (1999) investigated the behavior of an elastica loop pushed onto a flat rigid surface
using either a shooting method or an integral formulation. Williams (2000) presented the behavior
of pressure sensitive adhesive tapes in the loop tack test using a shooting method. In her study, the
loop is modeled as an inextensible elastica and some assumptions are made. As mentioned previ-
ously, her results do not show good agreement for the behavior of the loop at the end of the pull-
ing phase. Due to highly geometrical and material nonlinearities, this problem is solved here
numerically by the finite element method. As the strip is pushed down onto the adhesive, and then
pulled up, the variations of the deflected shapes of the loop are obtained using ABAQUS. The
dimensions of the stainless steel strip are the same as used in the experiments. The sizes of the
Mylar strip are 38.1mm wide, 0.0254mm-0.1016mm thick (four different thickness were used),
and 195.6mm long. The elastic constants of the Mylar strifcare4.6GP¢ v =,0.37 . The
yield stress of the strip is taken to cb)g = 140MPa , and the experimentally determined uniaxial
stress-strain curve and idealized bilinear stress-strain curve are shown in Figure 3.2. The contact
areas for the stainless steel strip and Mylar strip @®4mmx 12.7mm and
25.4mmx 38.1mmrespectively, but in the 3D analysis the contact area is not made perfectly in
the transverse direction (more detailed description is given in section 5.3). The lengths of the
loops (Lipop) for the stainless steel strip and Mylar strip are 279.4mm and 195.6mm, respectively,
throughout this section. Even though spring elements are not visualized in all figures they exist

during the analysis.

5.1.1 2D Analysis Results

The eflect of anticlastic bending is ignored in this section. The planar deformed shapes of the
loop during pushing and pulling are presented with respect to two different thickness and different
material in Figures 5.1- 5.3. In this analysis, the final contact length is fixed at 25.4mm and VHB
tape is modeled by a Winkler-type elastic foundation wgre 0.05 3, = 1.5 Bard 0.5
for tgyip= 0.0254m andgt;;=0.1016mm as mentioned before, i.e., the viscoelastic model is not

considered. During pushing, the behavior of different thickness stainless steel strips and Mylar

78



strips are nearly the same, but due to different stiffnesses and Poisson’s ratio the behavior of the
two strips during pulling shows much different results af{gs>10. At the peel front, a large
localized curvature is illustrated as in the experiments; that is, the loop shapes are nearly triangu-
lar, especially for thinner stainless steel strips and Mylar strips. As mentioned, although deformed
shapes of the loop in the pushing phase are similar, to achieve the same contact length, the tops of

thinner strips and more flexible strips should be pushed more.

Even though it cannot be seen in Figures 5.1-5.3, the curvature of the strip along the longitudi-
nal direction is not constant in the contact region. Figure 5.4 shows an exaggerated planar
deformed shape of the loop for the contact region in the middle of the bottom put of the loop. It
illustrates how contact spreads in the longitudinal direction with respect to varying top displace-
ment of the loop in the pushing procedufigure 5.5 shows the pulling force versus y;,, and cor-
responding behavior of the loop. Figure 5.6 shows the variation of the left-half spring forces along
the contact region. The plateau region starts when the first peel front spring reaches the specified
critical elongation. The distribution curve of spring forces in Figure 5.6 exhibits oscillation. It was
found that after the strip starts to debond, the positive spring force area and the absolute value of
the negative spring force area remain constant as the peel angle increases. Because of this, the
pulling force curve exhibits a plateau region until the absolute value of the negative area
decreases. When the negative area of the spring forces disappears, the maximum pulling force
occurs. The behavior may be more similar to that of a probe test than a peel test when the loop
becomes thin and the sides are almost vertical, and this may explain the occurrence of a peak just

before the loop separates from the substrate.
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(b) Deflected shape of the loop in pulling proceduyg£t0.0254mm)

Figure 5.1 Deflected shapes of the loop for stainless steel gip@0254mm)

81



Yiop=Umim Yiap="10mm Yyea=-20mm

¥iop="-20mm Yiep="-39mMm

(a) Deflected shape of the loop in pushing procedyg$0.1016mm)
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(b) Deflected shape of the loop in pulling proceduyg££0.1016mm)

Figure 5.2 Deflected shapes of the loop for stainless steel gtip@1016mm)

83



ODOO

¥iop=0mim p=-10mm =-20mm
Yiop=-30mm Yiop=-39Mm

(a) Deflected shape of the loop in pushing procedyg$0.0508mm)
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(b) Deflected shape of the loop in pushing procedyj£0.0508mm)

Figure 5.3 Deflected shapes of the loop for Mylar stgjg,0.0508mm)
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5.1.2 3D Analysis Results

Now consider 3D analysis using shell elements where the nonlinear elastic spring function
parameters ar@; = 0.03 3, = 1.5 , argf = 0.2 . Only a quarter-strip is generated and the
anticlastic bending effect is taken into account in 3D finite element analysis. Figure 5.7 shows the
variation of the von Mises stress contour as well as the 3D deformed loop shape for the quarter
loop corresponding to top displacement of the loop whge= 0.1016mm. The red region rep-
resents the maximum von Mises stress region at gggand it is in accord with the region where
the maximum curvature occurs. The part of the loop that deforms plastically is shown in red in
Figure 5.7j. For better understanding of the overall loop configuration, the planar deformed shape
of the loop is also illustrated in Figure 5.7. Figure 5.8 depicts the deformed shape at the bottom
center of the loop in the transverse direction for different thicknesses of the loop. From the numer-
ical analysis results (Figure 5.8), it is seen that the strip deforms more into a cylindrical shape than
into a saddle shape as described previously. For decreasing thickness, it becomes flatter, but in the
case of a very thick strip, as presented in Figure 5.8b, anticlastic deformation of the cross section
takes place. Figure 5.9 shows the detailed 3D deformed loop shape. Figure 5.10 shows the Mylar
strip deformed shape along the transverse direction. Poisson’s ratio of stainless steel and Mylar
are 0.27 and 0.37, respectively. Due to different Poisson’s ratio, their anticlastic bending behavior
is a little different, even for the same thickness. We can predict how the contact pattern between
the adhesive and adherend will be established. Contact first takes place at the edge of the loop, and
contact next occurs at the middle of the loop, and then spreads across the width to the edge. How-
ever, this behavior depends on the thickness, width, and Poisson’s ratio of the backing, so that we
should take into account their relationship to anticipate the behavior of the thin strip. The contact

pattern in 3D analysis will describe later section.
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5.2 Plasticity Effect of Strip

As mentioned in the review section, after the test strip is curled, a plastic hinge may be
observed at the middle of the loop. This observation indicates that the strip is plastically deformed
during the loop tack test. Therefore, consideration of the plastic behavior of the strip is required.
The effect of plasticity of the strip is investigated throughout the 2D finite element analysis (Fig-
ures 5.11 and 5.12) and 3D finite element analysis (Figure 5.7). The elastic constants of the stain-
less steel strip aree = 153GPa v = 0.27 . The yield stress of the strip is taken to be
o, = 11088MPa (dash lline in Figure 5.11), and the experimentally determined uniaxial stress-
strain curve and idealized bilinear stress-strain curve for the strip are shown in Figure 3.2. The
nonlinear spring function parameters @re= 0.02 3,,= 0.75 , Bad= 0.5 , and the contact

length at the end of the pushing process is 25.4mm. The length of lggy) & 279.4mm.

Figure 5.11 shows the calculated maximum von Mises stress as a function of the vertical top
displacement of the loop. First leftward arrows in Figure 5.11 indicate transition of the maximum
von Mises stress during the pushing procedure and the rightward arrows show transition of the
maximum von Mises stress during the pulling procedure. It is possible to predict yielding position
at the top displacement of the loop. As shown in these figures, the maximum von Mises stress
approaches the yield stress as the top displacement of the loop reaches 8mm, 8mm, 18mm, and
16mm for each strip thickness, respectively. Figure 5.12 shows a comparison of the elastic and
plastic pulling force curve results. For the same PSA, a thin strip yields earlier, but the total
energy dissipated will be small because the thickness is small. Therefore, the contribution of plas-

tic yielding to the pulling force is smaller than for a thicker strip.
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5.3 Contact Pattern

Qi(2000) conducted a 3D finite element analysis using ABAQUS to calculate the effect of anti-
clastic bending of the elastica loop and simulate the contact process between the loop and a flat
rigid surface with appropriate displacement increment and force increment. She presented contact
patterns, normal contact stresses, strain distribution, and displacement profiles obtained during the
3D analysis, taking into account anticlastic curvature. According to her results, because of anti-
clastic bending behavior of the loop, contact is first initiated at the edge of the loop in the experi-
ments and numerical analysis. However, since the ratio of thickness (0.165mm) and width
(0.954mm) of the strip is large, the strip does not show distortion or flattening behavior in the

transverse direction as in the present results.
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Thecontact length (Lontac) Versus the displacement at the top of the logg)(selationship in
the pushing procedure obtained from 2D finite element analysis using ABAQUS is illustrated in
Figure 5.13. The contact length is the distance between the nodes of the contact front as shown in
Figure 2.1b and in 2D analysis it is assumed that contact at the contact front in the transverse
direction occurs simultaneously. All parameters are the same as in the previous section. The initial
condition is a point contact and the contact length increases as the top of the loop is pushed down.
Overall contact patterns are similar after second node contact, but the second node contact is dif-
ferent with respect to strip thickness. The contact pattern is not dependent on which spring func-
tion is chosen. It depends on the thickness and elasticity modulus of the strip. In the 3D numerical
analysis, because of anticlastic bending behavior, the contact at the contact front in the transverse
direction does not take place as in 2D analysis. Therefore, determination of the contact length in
3D analysis is ambiguous so that we should define which contact length will be measured (from
center or edges in the transverse direction). Thoughout 3D analysis, for simplification and to save
computational time, springs were activated at the same step in the transverse direction as in the 2D
analysis and the parameters are the same as in section 5.1.2. Figure 5.14 shows the 3D y-coordi-
nate contour in the pushing procedure. Especially, in Figures 5.14d-5.14f, because of anticlastic
bending behavior, a parabolic shape contact boundary occurs in the transverse direction. This
results are in good agreement with Qi’s results. As pointed out, in anticlastic bending behavior
section, edge parts contact first. The initial height of the teardrop shape loop after the forming pro-
cedure is 118.50mm. So if the absolute y-coordinate of a node in Figure 5.14 is larger than
118.50mm, contact occurs. Figure 5.15 illustrates the transition of total spring force versus con-
tact length for ;= 0.0254mm in the pushing (rightward) and pulling (leftward) procedure. Dur-
ing the debonding procedure, as the contact length gets narrow, the corresponding total spring
force is almost constant, but at the end of the pulling phase a peak occurs as explained in section
chapter 5.1.1.
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5.4 Alternative Nonlinear Spring Function Results

An alternative triangular shape nonlinear spring function (Figure 5.16) is used in this section
for research purposes. According to Zosel (1998), a sharp triangular shape for force versus time or
stress versus strain curves is observed for polymers with low tack and the deformation is supposed
to be homogeneous in the probe tack test. Figures 5.17 and 5.18 and Tables 5.1 and 5.2 present
comparisons between results from numerical analysis and experiments for two diffgrent
(=0.05 and 0.1) values with varyifgy ~ for thickness of strip = 0.1016mm. The contact length at
the end of the pushing process is 25.4mm and the length of the Iggp (& 279.4mm. As
observed in the previous nonlinear spring parametric study, in the case offiarger , overall the
pulling curve increases greatly with increasfyy , and the same trend of the pulling force curve
as for the trapezoid shape nonlinear spring function is observed. Increasing area of pulling zone,
peak pulling force, and plateau stress are dependentfypon as shown in section®, 1.1. If is
smaller than 0.5, that is, using a sharper triangular shape, the process does not converge. As men-
tioned in chapter 3, the analysis was terminated before the maximum pulling force was achieved,
due to ill-conditioning. However, according to the Arcan tensile test (Appendix C), the range of
total elongation for VHB tape (at separation rate = 5mm/min.) may be from the adhesive thickness
to twice the adhesive thickness, so that small total elongation (brittle failure) may not happen in

real debonding.

Fares
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Figure 5.16 Triangular nonlinear spring function
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Table 5.18; = 0.05 , i, = 0.1016mm

B3 Pmax Area Pplateau
0.5 11.90 64.23 2.63
0.75 13.72 85.22 3.95
1 15.78 106.68 5.43
1.5 19.66 147.52 8.63
expt 20.95 95.32 5.91
50
B,
A0 ol S AR
0.5
—=— 0.75
—o—1
—><—1.5
30 - -@--expt
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A s
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Yiop (mm)

Figure 5.17 Pulling force curves
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Table 5.23, = 0.1

dtrip = 0.1016mm

B3 Pmax Area Polateau
0.5 18.74 131.75 6.81
0.75 23.12 174.36 10.31

1 27.15 222.00 13.40
1.5 34.42 300.29 19.98
expt 20.95 95.32 5.91

50

P (N)

y (mm)

top

Figure 5.18 Pulling force curves
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5.5 Pulling Force Curves

Asmentioned previously, the pulling curve (tack curve) is dependent on the nonlinear spring
function parameters. In this section, trying several different sets of physically unrealistic parame-
ters (especiallyB, ), approximate pulling force curves are determined. The nonlinear elastic
spring function parameters af®, = 0.003 B, =8 , afid = 0.5 for t = 0.0254mm,

B, = 0.006, B, =8, and B3 = 05 for t = 0.0508mmpB, = 0.015 B, = 6.3 , and
B; = 0.5 for t = 0.0254mm, an@; = 0.008 (3, = 3.3 , angy; = 0.5 for t = 0.0254mm,

respectively. The contact length at the end of the pushing process is 25.4mm and the length of the

loop (Liop) is 279.4mm. Actually, these values are not realistic compared to the experimental
results. Figure 5.19 shows the comparison between experimental and numerical result. Because of

the long horizontal part of the nonlinear spring function, pulling off does not occur yet.
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(a) t=0.0254mm
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Figure 5.19 Pulling force curves
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5.6 Effect of Initial Elasticity Modulus of Pressure Sensitive Adhesives

The €fiect of the elasticity modulus of a PSA is studied using some elasticity modulus values
specified in Table 5.3. These values are determined from DMA test results with respect to differ-
ent temperatures. The tensile storage modius () from Figure 2.11a converts to tensile elasticity
modulus (see Appendix D) with respect to different temperatures as shown in Figure 5.20. Zosel
(1989) showed that Young's modulus of PSAs decreases as temperature increases. Figure 5.20’s
results are in good agreement with Zosel's result. However, since tack requires the adhesive to act
as a liquid, if the adhesive becomes too stiff (too high a modulus), then the adhesive does not dis-
play tack. Like previous work in this chapter, the PSA is modeled by a Winkler-type elastic foun-
dation where nonlinear elastic spring function parameters fgre 0.02 3, 5 1 , and
B; = 0.2. The thickness of the loop is 0.1016mm, the contact length at the end of the pushing
process is 25.4mm, and the length of the logg,g)-is 279.4mm. During the bonding formation,
it is assumed that the loop is perfectly bonded to the adhesive in the contact region throughout
numerical analysis. In Figure 5.21, the overall pulling force curve dramatically increases as E
increases. The oscillation of the pulling force curve is observed in Figure 5.21 as E increases. The
increase of maximum pulling force and the area of the pulling zone are proportional to the elastic-

ity modulus of the PSA, as shown in Figure 5.22.

Table 5.3 Effect of Initial Elasticity Modulus (E) of PSA

E, MPa Temperature®C Pmax N Polateau N Area, mnf
4 30 9.02 2.67 53.51

8 23 12.74 4.46 83.37
15 15 19.84 9.04 159.97
20 13 26.05 13.13 214.66
50 4 55.88 38.81 556.62
70 0 76.86 58.72 818.66
expt 23 20.95 591 95.32
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Figure 5.20 Elasticity modulus of PSA vs. temperature
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Figure 5.21 Pulling force curves for initial elasticity modulus of PSA
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Figure 5.22 Effect of elasticity modulus of stainless steel strip
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5.7 Effect of Displacement Rate and Temperature

Tack is a viscoelastic property of the adhesive. Therefore, temperature and displacement rate
must be controlled variables in tack testing. Zosel (1985, 1989, 1992, 1998) has shown a correla-
tion between modulus and tack and the dependence of the tack properties on temperature from the
probe tack test. In his study, tack was defined as the adhesive fracture energy per unit of interface,
determined under conditions of short time and low pressure. The adhesive fracture energy is
obtained by integration of the force times velocity versus time curve over the separation phase and
dividing by the probe area Av = (1/ A)J’pvdt where v is the velocity of separation. According
to Zosel's experimental results, since with increasing temperature the material becomes more and
more flexible and deformable and it develops contact on a molecular scale during the short contact
time, tack increases initially. At higher temperatures, tack (fracture energy) is more related to the
debonding process. The ability of a polymer to dissipate deformation energy has a maximum in
the glass transition range and tack decreases with increasing temperature above that range. Figure
5.23 shows the influence of temperature on tack schematically. Creton and Leibler (1996)
described the temperature dependence of the adhesion energy for two different times of contact, a
very short one and a very long one. According to them, for short times of contact, the adhesion
energy shows a pronounced maximum, approximatedpat above the glass transition temper-
ature of the adhesive. This maximum is suppressed, however, when the time of contact is
increased. There is debate about achieving perfect bonding during the bonding process in the loop
tack test. Tack is the instantaneous wetting of a substrate under little or no applied pressure to rap-
idly develop a measurable strength, and almost perfect bonding can be achieved. Because of this,
in the present numerical analysis it is assumed that the loop is perfectly bonded to the adhesive
during the bonding formation. However, the procedure for measuring tack is a two-stage process
of bond formation and bond separation, that is, the pulling procedure depends highly upon bond
formation. In the present analysis, the two processes are independent of each other so that the
results cannot be compared with Zosel's experimental results (Figure 5.23). Without including the

bond process effect in the simulation, we do not accurately model the overall temperature effect.

As described above, since the pressure sensitive adhesive is a viscoelastic material, it is highly
dependent upon displacement rate. At low debonding rates, the liquid component of the adhesive

predominates, resulting in high extension but low values of tack energy. At high debonding rates,
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the elastic response predominates, giving high values of tack energy. This is also demonstrated by
an examination of adhesive fiber length that is formed at various rates of separation. A Winkler-
type viscoelastic foundation is used to model the PSA here. For the foundation, a Kelvin-Voigt
model (Figure 3.9) is employed. The nonlinear elastic spring function parameters in the Kelvin-
Voigt model are3; = 0.03 B, = 1.5 , an@; = 0.2 . The thickness of the loop is 0.1016mm,

the contact length at the end of the pushing process is 25.4mm, and the length of thgdgop (L

is 279.4mm. The spring constant E and the viscagity 8M®a OarsMPallsec at
23°C (laboratory temperature), respectively. The equivalent dashpot forces are applied and
updated at every step (see section 3.3.2). To save computational time, a little large increment of

Yiop IS Used as follows:

* pushing procedureddMmms ¥op S 38.249mm )iytop = 1mm
* pulling procedure8mms y,,<8mm )dy,,, = 2mm

* pulling procedure < Yiop dytoID = 1mm

Because of largely,,, , the wavelength of the pulling force curve is larger than for other results,
as shown in Figure 5.24, but this does not affect results too much. The results for different dis-
placement rates are given in Table 5.4. Just like the effect of elasticity modulus of PSAs, the over-

all pulling force curve increases as displacement rate increases (Figure 5.24 and Figure 5.25).
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Figure 5.23 Schematic tack vs. temperature curve from Zosel (1992) experimental results

Table 5.4 Effect of displacement rate

lrjz:é), Iar:i:r?]r/nrsirrl]t Pmax N Polateau N Area, mnf
no dashpot 21.68 10.69 165.44

12 21.54 11.32 185.42

50 23.32 13.46 211.15

100 28.94 15.94 263.15

200 38.97 21.54 350.92

300 52.167 28.95 438.02
expt 20.95 95.32 5.91
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Chapter 6. SUMMARY AND CONCLUSIONS

Numerical inelastic analysis of the loop tack test for pressure sensitive adhesives (PSAs) has
been carried out using the commercial finite element analysis program ABAQUS. Results were
compared with experimental results. Shell elements (S4R) and hybrid beam elements were
adopted to model the strip, considering the plasticity effect. Based on uniaxial tensile test results,
the stress versus strain relationship for uniaxial stress was idealized as a bilinear elastic-plastic
relationship. In the 3D analysis, anticlastic bending behavior was investigated. The pressure sensi-
tive adhesive was assumed to be on the substrate rather than on the loop. It was modelled as a
Winkler-type nonlinear elastic foundation or a viscoelastic foundation. The deformation of the

PSA was approximated as uniaxial extension of independent adhesive strands.

The simulation of the loop tack test in ABAQUS consisted of four main processes: defining the
mesh for the strip and the adhesive, teardrop shape loop formation, bonding phase, and debonding
phase. They were generated by applying appropriate displacements. There is a compression zone
for the bonding procedure and a tension zone for the debonding procedure in the nonlinear elastic
spring function. The compression zone was defined based on the assumption that the adhesive
layer may not deform more than 20% of its thickness. The tension zone was composed of a con-
stant stiffness region, a zero stiffness region, and a negative constant stiffness region, taking into

account the effect of fibrillation of the adhesive.

The &ilure criterion for debonding assumed that the adhesive will debond when the strands
reaches a certain elongation, for both the nonlinear elastic spring model and the viscoelastic
model. An alternative triangular shape nonlinear elastic function for homogeneous deformation of
the adhesive (brittle polymeric materials) was also studied. The Kelvin-Voigt model was used to
model the PSA in a Winkler-type viscoelastic foundation. Moduli of the nonlinear elastic spring
and viscoelastic models were determined from available results of dynamic mechanical analysis
(DMA) tests.

Theloop tack test was investigated for four different thicknesses (0.0254mm-0.1016mm) of a
stainless steel strip. Curves of pulling force versus displacemggtfgre determined. The max-
imum pulling force in the pulling procedure is defined as the tack. A parametric study was con-

ducted to understand the influence of several parameters (nonlinear spring function parameters,
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contact area, length of loop, and strip thickness). The effects of the elasticity modulus of the PSA
and the displacement rate were investigated and compared with previous researches’ results. To
better understand the formation of the loop, the finite difference method are also used to obtain the

no-contact teardrop shape of the loop (see Appendix A).

Limitations of present study are that the shear stresses in the adhesive layer and the weight of
the strip were ignored, the loop was perfectly bonded to the adhesive during contact, frictionless
contact occurs between the loop and the adhesive, and the contact time was not included. In the
2D analysis, the anticlastic bending behavior was neglected. Since bond formation and debonding
formation were based on a nonlinear elastic spring function, both processes are independent of

each other. Therefore, it is hard to include wetting in this numerical analysis.
The following conclusions are drawn from the present study.

» From the numerical analysis results, we observed that the pulling force curve consists of three
regions: the initial transition region, a plateau region, and the peak pulling force region. This
was similar to the experimental results. However, there are still differences between the
numerical and experimental results. Because of several uncertainties (the initial position of the
loop, the contact area, length of the loop, and alignment of the loop with respect to the sub-

strate plate), the repeatability of the available experimental results was not good.

« \Variations of the nonlinear spring function paramet@s (3,, ,[@nd ) cause significant
changes in the pulling force in the numerical analysis. The pulling force curve is very depen-

dent upon the assumed total lengt{fs; (+ 3, + B3)h, ) of the springs at debonding.

* The numerical analysis results show that an increase of strip thickness causes an ascending

trend of the peak pulling force, but the experimental results do not.

» Oscillation of the pulling force in the plateau region occurs due to debonding from discrete
springs. The amount of oscillation depends on the spring parafieter , the mesh size of the
contact part, the strip thickness, and the elasticity modulus of the PSA. Thus, oscillation of the

pulling force in the numerical analysis is not only dependent upon one parameter.

» The deformed shapes of the thin strip and thick one are similar in the pushing procedure, but

the behavior of these loops at the end of the pulling procedyge-®0) is much different due
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to stiffness and Poisson’s ratio. The deformed loop shape of the thin one is nearly as triangular

as in the experimental results.

* In the 3D analysis, because of geometrically nonlinear effects, the middle portion of the thin
strip tends to flatten in the transverse direction rather than exhibit anticlastic bending behavior

in the 3D analysis.

* The maximum von Mises stress becomes equal to the yield stress as the top displacement of
the loop reaches 8mm for the 0.0254mm strip and the 0.0508mm strip, 18mm for the
0.0762mm strip, and 16mm for the 0.1016mm strip. For the same PSA, a thin strip yields ear-
lier, but the total energy dissipated will be small because the thickness is small. Therefore, the
contribution of plastic yielding to the pulling force is smaller for a thin strip than for a thicker

strip.

* Inthe 2D analysis, the overall contact patterns are similar after the second node from the cen-
ter makes contact with the PSA, but the displacemeg)) @t the second node contact is dif-
ferent for different strip thicknesses. The contact pattern depends upon the thickness and
elasticity modulus of the strip. In the 3D analysis, due to anticlastic bending, a parabolic shape

contact boundary occurs in the transverse direction.

» The pulling force curve increases overall as the elasticity modulus of the PSA increases. The
pulling force increases as the displacement rate increases (and as the temperature decreases in

the range above the transition temperatie T

» Since the transition of the pulling force curve from numerical results shows good agreement
with experimental results, an interfacial deformation mode and a maximum elongation deb-
onding failure criterion of PSA seem to be appropriate for the loop tack test cases studied

here.

A simple Kelvin-Voigt model was used in the present study, but it does not describe the behav-
ior of a PSA very accurately. Therefore, more complicated viscoelastic models should be imple-
meted in ABAQUS via a UMAT subroutine for solid elements or shell elements in further

research. Also, further experiments should be carried out.
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Appendix A. Finite Difference Method (No-Contact Case)

In this section the no-contact teardrop shape of the loop is simulated using the finite difference
method and a 2D model. The strip is assumed to be elastic and inextensible, and the bending
moment is assumed to be proportional to the curvature, i.e., the strip is an elastica. The weight of
the strip is neglected. The length of the stripLi@8d the bending stiffnessis. The highly-flex-
ible strip is unstrained when flat. Its ends are brought together and clamped so that the strip forms
a teardrop shape (Figure A.1a). Due to symmetry of the loop, only the right half of the loop is ana-
lyzed (Figure A.1b). From geometry, the moment-curvature relation, and equilibrium of an ele-

ment, the governing equations are

dXx _ dy _ .
as - coso, qs = sin® (A.1a)
de _ dM _ .
Eld—S = M’_dS = —PsinB + Qcosb (A.1b)

whereSis the arc length is the angle of the tangent with the horizonXadndY are the horizon-
tal and vertical coordinateB,is the horizontal force acting on half of the loQpis the vertical

force acting on half of the loop, aMlis the bending moment.

A

(@)

Figure A.1 Equilibrium shape and free body diagram before contact

The following nondimensional quantities are introduced:

iy

_ _Xo_Y  _Ho
S=-=,X = I_,y— I_,ho— 3 (A.2a)
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2 2
_PL° _ _ QL _ ML _ M,L _ McL
P=FEr 9= ErM=Er" = M = (A.2b)

whereM , is the moment at A (at the bottom of the lodpy, is the moment at C (at the top of
the loop),H, is the height of the elastica, ahgl = Y(L)

The equilibrium state of the no-contact c§seconstantg=0) is considered. In the nondimen-
sional form, the governing equations A.1 become
dx _ dy _ do dm

d—s—cose,ds—slne,&’:m,dS

with x = y = 6 = 0 at point Awheres=0, andx = 0 0 = g at point C whes=1.

Equations A.3 are solved with a finite difference method. In a finite difference method, the deriva-

= —psind (A.3)

tives are replaced by finite difference approximations and the differential equations are trans-

formed into algebraic equations. In this case, using a forward difference approximation, we can

write

F(% 4 1) — ()
h

whereh = x ., —X; . We apply equation A.4 to equations A.3, and then equations A.3 become

f'(x) O

(A.4)

dx _ Xi+17% _ dy _ Yie1 7Y _
I - - = c0sY;, Je - - = sinb, (A.5a)
doe _ ei+1_ei _ dm _ m; ,—m _ .
s h o Miegs T T T Psing (A.5)

wheren is the number of segements,= 1/n is the distance between the nodal poirfis, and
m;, X;, andy, are the slope, moment, horizontal coordinate, and vertical coordinate, respectively,

at nodd.

We use a total af+1 finite difference nodes on the strip (Figure A.2), with nefeat point A

and node=n at point C. The constraints are

x0:0,xn:0,yo:O,GO:O,9n:g (A.6)

As a result, from equations A.5 we can get
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Figure A.2 Finite difference nodes on the strip

i-1 i-1
xlzh,xi:h+hz cosej,ylzo,yi:thinej (A.7)
j=1 j=1
i-1 i-1
8, = hmy, 6, = hz m;, my = mg,m :mo—hpz sing; (A.8)
i=0 j=1
wherep andmgy, my, ..., m,_; are unknown parameters and 2, ...,n . Using equations A.7

and A.8 in the constraints oy ~ afg  gives

(A.9)

NS

n-1 n-1
Z cos; = —1,hz m, =
j=1 j=0

The first equations in A.8 are used to eliminate the afgles . Then the remaining equations in
A.8, and equations A.9, comprise a system of nonlinear algebraic equations with unknown vari-
ablesp andmy, m, ..., m,,_; . Broyden’s method is used to solve these equations. This method
provides an updating formula which gives successive approximations to the Jacobian for each
iteration. The initial approximations fon,, ..., m,_,  are chosen by linear interpolation based on
m, andm, . The algorithms are implemented in the software package MATLAB. After we obtain
the solution fom+1 variables, we also calculate  ayd  using equations A.7. Then the configu-

ration for the no-contact case can be illustrated (Figure A.3).

Table A.1 and Figure A.4 show convergence of the solution with respect to varfrgept
for m,, the results in Table 1 converge monotonically toward the exact solution which is given in
Plaut et al. (1999).
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Table A.1 Convergence of y,, m,, and ng

n P Yn My Mo
5 15.598 0.6605 -3.039 4.735
10 11.846 0.7708 -2.963 5.042
20 10.760 0.8130 -2.983 5.214
30 10.419 0.8255 -2.999 5.266
40 10.295 0.8316 -3.008 5.296
50 10.215 0.8351 -3.010 5.313
60 10.163 0.8374 -3.0143 5.327
solution 9.9127 0.8486 -3.0276 5.3844

0.8}

0.7F

0.6

0.4]

0.3F

0.2

0.1}

Figure A.3 Configuration for no-contact case
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Appendix B. Uniaxial Tensile Test

B.1 Mylar Strip

Seeral uniaxial tension tests were carried out using the same material to determine the yield
stresses and strain-hardening characteristics of the strips. The results are shown in Figures B.1a to
B.1g. The test detail specifications are listed in Table 1. Mylar with a thickness of 0.00508 cm,
width of 3.81 cm, and length of 22.1 cm was used as the specimen. The top end of the straight,
vertical strip was pulled upward at a constant rate, and then the direction was reversed and the top

moved downward at the same rate. The behavior is inelastic and the material exhibits permanent

deformation after unloading.

*Test g: unload at 3.05 mm (extension) for one minute, then load, then unload at 5.12 mm (extension) for one minute,

then load.

Table B.1 Uniaxial tensile test results

Test Rate' Max. Disp. | Max. Load
(mm/min) (mm) (N)
a 5 30.11 191.4
b 10 11.66 174.0
C 5 11.69 172.7
d 1 11.59 158.2
e 10 8.07 163.5
f 5 8.06 171.1
g* 5 8.55 164.8
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Figure B.1 Load-displacement diagrams for the Mylar strips
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B.2 Stainless Steel Strip
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Figure B.2 Stress-strain diagrams for the stainless steel strips
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Appendix C. Arcan Tensile Test for VHB Tape

TheArcan tensile test for VHB tape was conducted by John Hennage who is a graduate stu-
dent in Mechanical Engineering. Originally this test was used for plane-stress testing of compos-
ite specimens by Arcan et al. (1978). The specimen and test fixture for the Arcan test are shown in
Figure C.1 and C.2. The original Arcan test was modified for measuring properties of VHB tape.
The dimensions of the VHB specimen wdr€2" x 2" aus’ thick. Tests were performed
with respect to loading angle, rate, and temperatuf®. A loading condition was used for a tensile
test (Figure C.1a) and90° loading condition was used for a shear test for VHB tape. Figure C.3

shows load versus displacement curves for a tensile test with different varying loading rates.

(a) 0° loading condition
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(b) 45° loading condition

(c) Specimen for Arcan test

Figure C.1 Arcan test
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(b)

Figure C.2 A schematic of the Arcan test
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Appendix D. Equations for DMA Data Conversions

Tensile stresso:; P(= Ogrig*tyxb A=bxl )
Tensile straine = 9 o = g, x|
ensile straine = < d = €4rig %1 )
: o _P/A
Tensile Modulus = = = —
ensile Modulus = T d/t

Tensile Storage Modulug’ = Ecosd

Tensile Loss ModulusE" = Esind

P: load

A: area of VHB tape

d: displacement

tand: loss factor, from experimental data
Ogrig - Stress, from experimental data
€orig - Strain, from experimental data

l, - length of aluminum plate

t, : thickness of aluminum plate

b, : width of aluminum plate

b:width of VHB tape
I: length of VHB tape
t: thickness of VHB tape
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