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This paper introduces the concept of adhesion frequency that characterizes the dynamic
interaction between a polymer matrix and a solid surface. It is argued that the pressure
sensitive bonding of a polymer interface occurs within a critical time scale below which
no wetting is established upon contact. The adhesion frequency can be viewed as the
inverse of this critical time scale. The bonding kinetics is used to model transient
adhesion and take into account the growth of bonding energy with time. The mechanics
of the interfacial dynamics is used to derive expressions for the adhesion frequency when
inertial, viscous or elastic effects dominate the surface deformation. Transient adhesion
effects are also investigated experimentally using non-axisymmetric rotating bits and
commercially-available copolymer adhesives. The rotating bits induce an oscillatory
motion on the polymer surface. Experiments are conducted with the rotating bits
spinning at a wide range of speeds making it possible to obtain the dynamic response of
the polymer interface as well as to measure the adhesion frequency for the tested
polymers.

Keywords: Pressure sensitive adhesive; Polymer interface; Copolymer bonding; Adhe-
sion frequency; Wetting dynamics; Rotating bit

INTRODUCTION

An adhesive bond occurs when the high-energy, reactive surface of a
polymer-matrix composite is brought into contact with a solid surface.

* Presented at the 23rd Annual Meeting of The Adhesion Society, Inc., Myrtle Beach,
South Carolina, USA, February 20-23, 2000.
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During the bonding interaction, the polymers at the free surface of the
composite matrix undergo a realignment transition to an adsorbed
state through a molecular organizational hierarchy at the polymer-
solid interface [1]. The transient adhesion phenomenon becomes
dynamic when there is a relative motion between the bulk of a polymer
matrix and a solid surface. Under a dynamic condition, the interfacial
bonding energy competes with the required energy for deformation of
the free surface of the polymer matrix, setting the stage for conditions
under which no wetting occurs if the time is short enough such that the
deformational energy surpasses the bonding energy. Accordingly, by
vibrating the free surface of the polymer beyond a certain frequency,
the adhesion frequency, interactions of the solid surface and the
polymer occur in the absence of an adhesive bond. The adhesion
frequency is an interfacial parameter and depends on transient
adhesion characteristics at the interface as well as viscoelastic
properties of the polymer matrix.

From a process point of view in industrial and biomedical
applications, such as mold release and restoration practice in dentistry,
there are instances in which it is desirable to suppress this bonding
phenomenon. This interfacial effect is discussed in light of the
development of a new method of handling polymer-matrix composites
in applications [2]. This method involves vibration of the solid-
polymer interface at different frequencies. For each solid-polymer
combination, there is an adhesion frequency at which the sum of the
viscoelastic and inertial energies of the fluid at the surface exceeds the
energy available for bonding. When the polymer is vibrated at or
beyond this frequency, the adhesive matrix can be deformed without
adhesion. An important aspect of the developed process is that it can
be used to characterize surface and interfacial properties of polymers
under dynamic conditions, whereas existing techniques are restricted
to the study of bulk dynamic properties.

Polymeric composites can be classified into two different categories:
high-viscosity formulations and low-viscosity “flowable” composites.
The difference in viscosity between the two classes is often caused by
differences in filler particle content and size. The flowable materials are
currently preferred in some processes, because they can be directly
applied into an area with no further adjustments required. The high-
viscosity materials, on the other hand, may need to be manipulated
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with an instrument in order to ensure adaptation to the bonding walls.
This is seen as a disadvantage, because these materials are highly
adhesive and difficult to manipulate. This difficulty can introduce
defects such as voids and air pockets into the adhesive material
in the final cured state. Such defects may cause degradation of
nominal mechanical properties. The advantage of the high-viscosity
materials is that because of their higher filler content, their mechanical
properties are significantly better than those of the flowable materials.
The technology exists to manufacture high-viscosity composites
with very favorable mechanical properties; they are not manufactur-
ed, however, because the difficulty in manipulating these materials
with conventional means renders them virtually unworkable in
applications.

The focus of this work is to determine dynamic conditions under
which the adhesive bond can be avoided. In the experiments, we
induce interfacial oscillations at the solid—liquid interface of prepared
polymer samples using rotating bits with non-axisymmetric cross
sections. For different bit geometries, the rotating bits are inserted in a
prepared polymer sample using a computer-controlled setup. The
interaction of the rotating bit and the polymer matrix is detected by
measuring the instantaneous force experienced by the bit during
insertion/extraction cycles. The interfacial behavior is also captured
using a computer-based imaging system. The tests are performed for
five commercially-available composite materials primarily made of
bisphenol A-glycidyl methacrylate (BIS-GMA) and triethylene glycol
dimethacrylate (TEGDMA). The experiments were repeated for
different rotational speed of the bits. The results indicate that for
each tested material there is a maximum frequency above which there
is no adhesive bonding between the polymer matrix and the rotating
bit.

The wetting dynamics is also treated theoretically when the adhesive
interface undergoes a sinusoidal oscillation. It is argued that dyna-
mic bonding of a polymer interface can occur when the bonding
energy is larger than the energy required for the oscillatory motion of
the polymeric interface. It is shown that an expression for the
minimum frequency can be derived depending upon whether the
inertial, viscous or elastic effect is dominant in the interfacial
dynamics.
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THEORY

For a liquid on a solid surface, the interfacial equilibrium is expressed
in terms of the work of adhesion, W, for formation of the interface

[3].
Wa =% +7 — Yes (1)

where 7, is the surface tension of phase «, v4 the surface tension of
phase §, and 7,4 the interfacial tension between phases « and 8. W, is
a reversible work.

Dynamic adhesion can be characterized quantitatively as the total
bond energy, 6, dissipated during debonding of the solid~liquid
interface. Quantitative pressure-sensitive adhesion measurements can
be performed by determining the force necessary to debond an
adhesive fluid from a solid surface [4, 5]. The total adhesion energy, 6,
is expressed as a product of the reversible work of adsorption, 4,, and
the irreversible work of deformation of the adhesive, H.

0=6,H. )

0, is related to the activation energy per unit area of wetted surface
[6]. In the limit of slow rate of change,

H—1 as t— o0 (3)

The kinetics of adhesive bond formation in polymeric liquids has been
reviewed by Wu [7]. The rate of spontaneous wetting can be modeled
in terms of a first-order equation for instantaneous contact angle, 6.,
and the interfacial area at time ¢ [8]. Let us assume that the adhesive
bond strength, oy, is proportional to the effective wetted area, A.
Macromolecules in the proximity of the solid surface will form an
adhesive bond through diffusional effects. Linear diffusion propagates
according to 1'% and the rate of change of wetted area will then be
proportional to ¢ along with the total wetted area, A. In differential
form, the change of area can be written as

dA = kAdt 4)

where k is a rate constant. Making use of the proportionality between
the wetted area and the adhesive bond strength, o, and assuming no
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bonding at the initial contact time, the expression for o, will be

Uf —t/T

. 1—e Y (5)
where of° is the adhesive bond strength at infinite time and 7 is the
retardation time constant. 7 can be related to temperature using an
Arrhenius-type equation. Equation (5) agrees well with experimental
data for a rubber adhesive on gold [9]. This equation indicates that o
varies linearly with time for 1 < 7; consequently, the shorter the time
of contact between fluid and solid, the weaker the adhesive bond.
Consequently, the adhesive bond is inversely proportional to the
induced interfacial frequency at the adhesive surface.

Also, as the oscillation frequency increases, the rate of strain at the
fluid surface increases. For a strain e(¢) at the fluid surface, the
viscoelastic and inertial stresses, expressed as 7., and 7y, respectively,
are given by [10]

de
Tvisc = EbE(t) + (7717 + 775') E (6)
and
d2e
Tin = Paﬁ (7)

where E, is the bulk modulus of elasticity, 7, is the bulk viscosity of
the viscoelastic fluid, 7, represents the surface viscosity [10], p is the
fluid density, and a is the length scale that characterizes the
deformation of the surface. 7, encompasses dissipative and non-
dissipative portions of the complex viscosity. Depending on the
frequency range, it increases with the oscillation frequency according
to a square or a square-root law [11]. In the limit of high frequencies
induced at the interface, the dissipative portion of the dynamic
viscosity dominates viscoelastic behavior of the matrix.

With the free surface moving with a velocity a(de/dt), the change in
energy due to dynamic deformation of the surface takes the following

form,
dE 1 _ de? deN? 1 d ([de\?
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If it is assumed that the fluid surface undergoes a periodic sinusoidal
deformation,

e(t) = epsin(wt), (9)

Equation (8) becomes
1 1
|AE| = EEbsﬁw + [mp(w) + nslwe? + Epaw%f, (10)

Equation (10) represents the amount of time-averaged excess energy
required for pressure-sensitive adhesion to take place, if the fluid
surface undergoes a sinusoidal oscillation. Equations (9) and (10)
show that increasing the deformation frequency increases the
viscoelastic and inertial energies of the fluid at the surface.

Accordingly, raising the energy required for the solid —fluid inter-
face to form the bond can prevent bonding in a pressure-sensitive
adhesion. This can be accomplished by subjecting the fluid at the
interface to a periodic deformation. For example, inserting a rotating
probe that is non-axisymmetric or has periodic protrusions on its
cross-section would accomplish this. An example of such an
instrument has been provided elsewhere [2].

One might also conclude further that there exists an adhesion
frequency at which the sum of the viscoelastic and inertial energies of
the fluid exceeds the available energy for adsorption for a given fluid—
solid interface system. The adhesion frequency w, represents the
minimum oscillation of the interface for prevention of the bond
between the adhesive and the approaching solid surface.

No general solution for w. can be obtained from Eq. (10),
particularly in view of the fact that dependency of polymer viscosity
on frequency varies in different frequency ranges. Yet, when the
frequency is high enough, the inertia term will be dominant among
the terms on the right-hand side of Eq. (10). This, in particular, can be
the case for composites with a high concentration of filler particles.
Thus, neglecting the viscoelastic terms, Eq. (10) can be rearranged to
obtain an expression for the characteristic frequency, w, for the

inertia-dominated case.
2AE, N\ 4
o= (2222 (i
pagit



09: 50 22 January 2011

Downl oaded At:

ADHESION FREQUENCY 331

Here we have used the high-frequency limit of Eq. (5) in the form

_AE,
- W

AE

(12)

where 7 is the adhesion retardation time constant as in Eq. (5). The
characteristic frequency, w,, expressed in Eq. (11) can be considered as
the adhesion frequency that is a critical frequency beyond which
adhesion does not take place when inertia controls the dynamics of the
bonding phenomenon.

Concentrated copolymer solutions often have a frequency range in
which the storage modulus, G’, increases with the square of the
frequency [12]. In this case, the viscous term and the inertial terms in
Eq. (10) will have the same frequency dependency and the copolymer
will behave as a solid. Accordingly, for some instances, a term
containing the terminal relaxation time, 7, should be added to the
copolymer density, p, in the denominator of Eq. (11).

For a composite matrix, AE, depends on, among other factors, the
filler density [13]. With an increase of the density ol the filler
particulates in the matrix, more particles will be present at the
copolymer surface and as a result less polymer surface will be available
for bonding. Consequently, increasing filler density should decrease
the bonding energy, AE,, and according to Eq. (11), the adhesion
frequency, w,.

EXPERIMENTS

The experimental apparatus is shown schematically in Figure 1. The
setup consists of a motion control system, a bit assembly and specimen
system, a force acquisition system, and an image recording system.
The bit assembly is made of a rotary motor and the probe attachments
and mounted on a panel driven by the motion control system. The
motion control system is constructed of a servo system attached to a
microprocessor through a NuDrive control box and a virtual
instrument LabView panel on the computer. The setup allows for a
motion sequence of the bit assembly with pre-adjusted speeds and
durations. '
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FIGURE 1 Experimental apparatus.
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FIGURE 2 Bit geometry: (a) Cross sectional view; (b) Side view.

The geometrical specifications of the bit used in the experi-
ments reported in this paper are depicted in Figure 2. The bit is
made of PVC plastic with a rectangular cross-section whose edges
are rounded out. The tip of the bit is also rounded out and blended
smoothly with the principal non-axisymmetric cross-sectional geome-
try of the bit. This bit geometry is such that, rotating about its
axis, the bit induces an oscillatory motion on the polymer interface.
The bit rotation is supplied by a Brasseler Upower drill at high rates
in the range of 600 to 35,000 rpm and a small dc motor at low rates
from 50 to 600 rpm. The rotational speed of the bit is measured using
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the flash rate of a strobe light before and after each individual
experiment.

In the experiments, the tested polymers are placed inside a
cylindrical cavity of a specimen holder made of Plexiglas™. The
cavity has a diameter of 7mm and a depth of 4 mm. The interaction of
the copolymer interface and the rotating bit is characterized by
measuring the instantaneous force due to the interaction as the bit
approaches the polymer surface. To this end, the specimen holder is
mounted on the open end of a sensitive cantilever transducer with EA-
06-125PC-350 type strain gages for force measurements. The force
transducer has a bending stress of 10ksi (69 MPa), and a deflection of
0.053cm/N. The transducer is connected to P3500 strain indicator
with an output readable by an A/D board. The data acquisition system
in the setup employs a National Instruments board and a micro-
processor. A LabView control program passes the force signal through
a digital low-pass filter and saves the data onto spreadsheet files for
post-processing. A digital video imaging system and a high-resolution
B and W CCD camera are also used to capture the polymer-bit
dynamic interactions.

Five commercially-available composite materials are used in this
study. Their material properties are summarized in Table 1. The matrix
of all these composites is primarily made of bisphenol A-glycidyl
methacrylate (BIS-GMA) and triethylene glycol dimethacrylate
(TEGDMA). Their major differences arise from the different filler
particle size, filler content and filler materials. Z100 A3.5 and Z100
A4.0 are identical except for the pigment materials; therefore, their
physical properties are expected to be close. The Perfection Al and
Perfection C1 materials have also similar physicochemical pro-
perties. One notices that P50 has the highest concentration of filler
particles.

TABLE I Properties of the tested composites

Trade name/manuf. Filler particles, weight %, size
Z100 A3.5-3M Zirconia and silica, 84.5, 0.6 um
7100 A4.0-3M Zirconia and silica, 84.5, 0.6 um
P50-3M Zirconia and silica, 87.5, 0.6 um

Perfection Al-Denmat Silanated synthetic silica, 48(+/ —0.38) 0.01 ~ 0.04 pm
Perfection Cl-Denmat Silanated synthetic silica, 48(+/—0.38) 0.01 ~ 0.04 um
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Special care is taken to align the axes of the cylindrical cavity
and the bit during the experiments. The composite is syringed
into the cavity until the free surface is approximately level with
the upper surface of the specimen holder. The composite is
then compacted and its surface leveled off using a Teflon-coated
stick.

Using the setup, the bit rotating at different speeds plunged
into the polymer-filled cylindrical cavity and subsequently with-
drew. The bit assembly was programmed to a preset sequence of
motions in all cases. The bit was moved vertically downward at an
axial velocity of 0.5mm/s and inserted into the polymer sample up
to the point where the tip of the bit was 2mm below the initial
free surface of the polymer. After a 5-s pause, the bit assembly’s motion
was reversed and the bit extracted from the cavity at the same axial
velocity.

RESULTS

Our experimental results are presented in terms of the instantaneous
interfacial force versus the position of the bit tip expressed as the
lapsed time during the experiment. Figure 3-a is the representative
force-distance curve for Z100 A4.0 composite for a non-rotating bit.
In this figure, the positive force represents the downward force of the
bit onto the polymer surface during the insertion phase. For
comparisons, the same force-distance curve for a bit rotating at a
high-enough speed such that no tack could be observed is provided in
Figure 3-b.

More importantly, the experimental observations and data at
different rotational rates confirmed that there existed a minimum
frequency above which there was no adhesive bonding between the
polymer matrix and the rotating bit. The characteristic force-time
curves of the bit rotating at different speeds for different materials
indicated that the maximum extraction force became smaller with the
bit rotating faster, and disappeared as the rotation speed exceeded
140 rpm for Z100 A4.0 resin and 110rpm for P50 resin. The areas
under the curves in a force-distance plot represent the total energy of
interaction during the insertion and extraction phases. A relationship
between the extraction energy and the bit rotation speed also indicated
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FIGURE 3 Characteristic force-time curves for Z100 A4.0 composite during an
insertion-extraction cycle.
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FIGURE 4 Relationship between extraction energy and rotational speed for Z100
A4.0 composite.

that the extraction energy decreases almost linearly with increasing bit
rotation up to the critical rotational speed, as is provided for one of
the tested copolymers in Figure 4.
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TABLE 11 Critical rotational speeds for the tested composites

Critical rotational speed,

Composite rpm
Z100 A3.5 135
7100 A4.0 140
PS0 110
Perfection Al 190

The critical rotational speeds measured for the tested materials are
listed in Table IIl. When the bit was rotating beyond the critical
rotational speed, separation between the bit tip and the resin occurred
instantaneously during the extraction phase; no resin was detected on
the bit and a zero force was recorded on the transducer. By
comparison, there was a strong bonding between the bit and the resin
for all non-rotating cases. Because of the bit configuration, adhesion
frequency for each tested composite is twice the corresponding critical
rotational speed in Table 11.

DISCUSSION

In our experiments with the non-rotating bit, the approaching bit
initially stretches the surface of the polymer matrix in the absence of
interfacial wetting. According to Figure 3-a, the resultant interfacial
force between the polymer and the bit increases at a slow rate for a
fraction of a second beyond the point that the bit has reached the free
surface. In this initial interval, the force is due to the elastic
deformation of the polymer matrix that progresses at a constant rate.
This results in a linear increase of the force with time. A reorientation
of the polymeric molecules at the interface has to take place to account
for the presence of the penctrating solid surface, upon which a
meniscus forms and wetting occurs. Beyond this point, the force on the
bit is due to a combination of the increasing wetted interfacial area
and the continued deformation of the polymer matrix. The relative
importance of these two factors can be estimated from additional
experimental observations. As soon as wetting occurs, the rate of
increase of the interfacial force with time shifts to a higher value. At
the conclusion of the insertion phase, the bit finally is stopped and the
viscoelastic response of the polymeric matrix relaxes the force on the
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bit to zero. In the extraction phase, the force on the bit is represented
with a negative sign. The bit is removed from the matrix with the same
axial speed used in the previous phase. With the wetted area on the bit
surface intact, the extraction force is the mirror image of the insertion
force. A comparison of the these two forces when the bit is inside
the matrix indicates that the interfacial force is primarily due to the
viscoelastic deformation of the matrix, as in the extraction phase the
wetted area remains constant.

Rotating at 180 rpm, the measured force vs. time curve for the bit is
presented in Figure 3-b. For this case, the bit is inducing an interfacial
oscillation that is larger than the composite’s adhesion frequency.
Interestingly, it is exhibiting a force vs. time curve similar to the non-
rotating bit during the insertion phase. However, the initial stretching
of the free surface does not give rise to wetting, but instead the surface
breaks up and the bit continues the viscoelastic deformation of the
composite matrix as it advances downward into the polymer. A
remarkable observation is the fact that the wetting of the non-rotating
bit and the surface rupturing of the rotating bit occur at the same
penetration depth of the bit and when the bit experiences the same
interfacial force. Once the copolymer surface is broken, further
penetration of the rotating bit deforms the matrix as it also induces
production of additional free surface. The combined effects give rise to
a rate of increase of the interaction force that is slightly less than the
rate of the non-rotating bit. For the rotating bit, the matrix
deformation is not constrained by adhesion to the solid wall and,
therefore, the resultant force will be less than the wetted case. This
observation reinforces the assertion that the measured force is
principally due to viscoelastic deformation of the composite matrix
and not the interfacial mechanics.

With the rotating bit standing still, the matrix relaxation around the
tip of the bit yields additional positive force on the bit. This force goes
to zero as the bit begins its ascent out of the composite adhesive. As
the bit continues to ascend, there is no detectable bonding between the
matrix and the bit when the bit is rotating faster than the critical speed.
Figure 4 shows extraction energies experienced by the bit rotating at
and below the critical rotational speed of the polymer matrix. At these
frequencies, the bonding—debonding phenomenon at the interface
induces similar deformational energies to the matrix. The fact that the
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extraction energy is decreasing with frequency qualitatively supports
the arguments presented in the analysis.

The experimental results verify the existence of adhesion frequency.
When the polymer interface is vibrated above the adhesion frequency,
no adhesion occurs at the resin/solid interface. Additional information
on the actual thermophysical properties are needed to make a direct
comparison between our analysis and the critical induced frequencies
obtained for the tested materials. However, consistent with our
theoretical approach, we can confirm that denser, more viscous resins
possess a lower critical frequency compared with lighter, less viscous
resins. According to the presented analysis, the energy required to
prevent adhesive bonding depends on properties such as density,
modulus of elasticity and viscosity. We expect composites with higher
values of any of these properties will have lower critical rotation speeds.
P50 has higher filler content but similar polymer matrix and identical
filler particles in comparison with Z100 composites; it is then expected
that P50 will have a higher viscosity and density. As summarized in
Table I1, P50 has a lower critical rotation speed than Z100 composites.
Z100 A3.5 and Z100 A4.0 are essentially identical composites except
for the pigments in the materials. Therefore, their critical rotation
speeds are expected to be close. Perfection Al has the lowest viscosity
and modulus, therefore, the highest critical rotational speed.

For the case of inertia-dominated matrix deformation, our analysis
predicts that the adhesion frequency is larger when the adhesion
energy, AE,, is larger. The adhesion energy of a copolymer matrix
depends on a number of factors such as concentration, size
distribution and geometry of the filler particles in addition to matrix
interfacial properties. For copolymers with similar filler size distribu-
tion and geometry, an increase in filler concentration reduces the
bonding energy. Therefore, according to this equation, a higher filler
concentration will reduce the adhesion frequency for a given matrix.
The data in Table Il agree qualitatively with this assessment while
suggesting that the dependency between filler concentration and
adhesion frequency can be highly nonlinear, at least in the limit of high
filler concentrations.

The observed shift in adhesion frequency can be attributed to
changes in the bonding energy as well as inertial and viscoelastic
properties of the composite matrix. Which of these factors plays a
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more dominant role in frequency shift for the tested polymers?
Finding an answer to this question requires additional theoretical and
experimental work.

CONCLUSIONS

In this paper we have introduced the concept of adhesion frequency.
The dynamic adhesion phenomenon between a composite matrix and
solid surfaces has been studied through theoretical analysis and
experimental tests. It is confirmed that an oscillation at the solid/liquid
interface induced by solid probes can effectively prevent an adhesive
material from adhering to the probe if the frequency of oscillations is
beyond a critical value that we have introduced as adhesion frequency.
The adhesion frequency depends on the thermophysical properties of
the two media, including the adhesive bonding energy of the interface,
the retardation time of the bonding kinetics and the viscoelastic
properties of the composite matrix. We have argued that polymers
with higher bonding energies, and lower viscosities and densities, have
a larger adhesion frequency. Our experiments on five commercially-
available copolymers indicate that the polymers with higher solid
particle concentrations have lower adhesion frequencies. We have
shown that this observation is in qualitative agreement with the
analysis we have presented.

For a better understanding of parameters that influence the adhesion
frequency additional experimental work needs to be performed. The
reported experiments all were conducted using the same operational
parameters. One can study the adhesion frequency while varying the
axial speed of the bit, the geometry of the bit and the cavity housing the
tested polymers, as well as the bit surface material. Material char-
acterization of the polymers used in the experiments will assist in a more
direct comparison between the analysis and the experimental data.
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