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ABSTRACT: In this study, the effect of a tackifier on the viscoelastic and
adhesion properties of acrylic pressure-sensitive adhesives (PSAs) was
investigated. The intermediate products in the process of PSA synthesis,
including an acrylate-based copolymer solution, a cross-linked copolymer, and
the final product with a tackifier, were prepared and characterized using
dynamic mechanical analysis (DMA). A significant increase in storage and loss
moduli at high angular velocities was observed for the final product with the
tackifier. The adhesion forces of the copolymer solution and the cross-linked
copolymer measured by atomic force microscopy (AFM) were found to be
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—
Shear
stress

almost independent of the release velocity, whereas that of the final product

with the tackifier significantly increased at higher release velocities because of viscoelastic effects. Their fibrillations during the release
process were also visualized using a charge-coupled device (CCD) camera installed on the cantilever holder. Although the contact
area of the copolymer solution and the cross-linked copolymer with the probe surface decreased until detachment, the final product
with the tackifier remained constant, with necking just below the probe surface. The increased storage and loss moduli were
considered to resist the shrinkage of the contact area because the contact outline was subject to high shearing deformation, which led
to localized high strain rates. Overall, the crucial role of the tackifier in maintaining the contact area for sufficient elongation during

fibrillation was established.

Bl INTRODUCTION

Pressure-sensitive adhesives (PSAs) can be instantly applied to
and cleanly separated from various surfaces via slight pressure
application." The unique nonreactive adhesion of PSAs makes
them compatible to the human skin, and therefore, PSAs are
extensively used in the medical field as surgical tapes and
compresses.” Furthermore, these surgical tapes can be applied
to both outer skin and internal organs when modified to
adhere to wet surfaces.” In addition, the excellent flexibility
upon bonding is useful in electronics requiring buffering of
thermally induced stresses, which cannot be achieved using
structural adhesives.”* Reliable adhesion under variable
loading conditions is becoming the driving force for an
increasing usage of PSAs in flexible electric displays.” Although
these unique properties of PSAs have enabled their utilization
in a variety of applications, a deeper understanding of the
adhesion mechanism is still indispensable for further develop-
ment of PSAs.

The adhesion performance of PSAs has been extensively
investigated based on various parameters such as adherent
surface roughness,6’7 contact time,® ' and release rate."'~'* In
general, a PSA material must be sufficiently fluid to penetrate
the surface roughness of a substrate and generate significant
van der Waals forces. Simultaneously, the material must exhibit
sufficient stiffness to resist deformation by peeling. Both
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characteristics are achieved by tuning the viscoelastic proper-
ties of the PSA, which in turn can be controlled by selecting
appropriate molecules and using polymerization techni-
ques.15_23 However, for rubber-based PSAs, stickiness can
only be achieved by adding tackifiers.””** Tackifiers are
chemical compounds with a low molecular weight and high
glass-transition temperature, which imparts stickiness to the
rubbery polymers.”® Although acrylic PSAs with suitable
viscoelasticity are already sticky, their adhesion performance
can be significantly improved by adding a tackifier.””*®
However, the general mechanism for this improved adhesion
performance has not been fully understood as the production
of PSAs with added tackifiers is typically based on empirical
data.

In our previous studies, the adhesion performance of PSAs
was studied using a probe tack test.”” ' The test enables
accurate measurement of the adhesion force from probe
contact to release with direct observation of the contact
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area.””™> Separation force initially increases linearly, followed
by a sharp decrease because of cavity growth or fingering near
the probe interface, and then gradually increases again because
of fibrillation until complete separation is achieved.>”” The
maximum adhesion stress of industrial PSAs during the release
process is typically determined based on cavity growth®*~*
and can be successfully characterized using a criterion
proposed in our previous work.”® The fibrillation process was
also characterized by comparing our probe tack tests with
different probe scales using a millimeter-scale %lass sphere and
an atomic force microscopy (AFM) cantilever.” ! In contrast to
the macroscopic probe tack test, the tiny contact area of the
cantilever in AFM did not cause cavity growth, which was
useful to focus on the detachment behaviors of PSAs from a
probe, followed by fibrillation.

This study aimed at revealing the effects of tackifier addition
on the viscoelasticity of a PSA material utilizing our established
experimental schemes for evaluating the adhesion performance.
An acrylic PSA with a tackifier and its intermediate products,
including the copolymer solution and the cross-linked
copolymer were synthesized. The effects of each process on
the adhesion performance of the samples were investigated.
The viscoelastic properties were analyzed using dynamic
mechanical analysis (DMA), and the adhesion performances
were examined using the probe tack test with an AFM
cantilever. The adhesion forces during the release process were
measured with in situ observations. A test based on the glass
sphere attached to the tip of the AFM cantilever was also
conducted to observe the detachment behaviors more clearly
and examine the effect of the probe shape. The change in the
detachment behavior because of the tackifier was carefully
observed and correlated to the viscoelastic properties to
explain the mechanism of improved adhesion performance.

B EXPERIMENTAL SECTION

Sample Preparation and Characterization. The intermediate
products in the process of PSA synthesis, including acrylic-based
copolymer solution (CS), cross-linked copolymer (CL), and the final
product of the CL with a tackifier (PSA) were prepared as samples.
First, purified butyl acrylate, methyl methacrylate, and 4-hydroxybutyl
acrylate were stirred with an initiator, azobisisobutyronitrile, in ethyl
acetate under a nitrogen atmosphere at 60 °C for 8 h to obtain CS
samples. The chemical structure and the degree of polymerization are
provided in the Supporting Information. The molecular weight and
polydispersity index of the copolymer were 600,000 Da and S.9,
respectively. The solution was adjusted to 30% nonvolatile
components in the flask. Next, an m-xylylene diisocyanate-derived
cross-linker was added to the solution to make it up to a
concentration of 35%. The mixture was then dissolved in ethyl
acetate and coated on polyester films, followed by drying at 100 °C to
obtain CL samples. For PSA samples, an extra-hydrogenated rosin
ester (softening point: 100 °C) was also mixed at 20% relative
concentration to the copolymer prior to the coating. The main
component of the extra-hydrogenated rosin ester was obtained from
abietic acid, whose conjugated double bond was hydrogenated. The
spatial distribution of the tackifier in a similar acrylic-based copolymer
was confirmed to be uniform and in the order of a nanometer scale,
according to the AFM analysis." Although aromatic tackifiers are
generically hard to dissolve in the acrylate copolymer, both can be
dissolved in the ethyl acetate solution. A fine dispersion of the
tackifier through the drying process was considered to be obtained by
the miscibility of the rosin ester resin with the elastomer part of the
copolymer in the analyzed composition range.

DMA was conducted using a rheometer (Physica MCR300, Anton
Paar) with parallel circular plates (diameter = 8 mm) in shear mode.
The samples were laminated to a thickness of 0.8 mm. First, the

angular velocity was varied from 1 to 100 rad/s at temperatures —20,
0, 23, and 60 °C to obtain master curves for the storage (G’) and loss
(G") moduli. The shift factors were selected to ensure that the storage
modulus measurements at various temperatures could be plotted
smoothly with respect to the measurement at room temperature (23
°C). Next, a fixed frequency (10 Hz) and strain (5%) were applied,
while the temperature was gradually increased from —20 to 80 °C to
obtain the loss tangent (tan §) maxima. The CS sample was not
analyzed as it was difficult to maintain the sample, particularly at high
temperatures.

Force Curve Measurements with In Situ Observation of
Fibrillation. The adhesion performance of the samples was evaluated
based on the observations of the elongation using AFM in tapping
mode (Nanowizard II, JPK). The dimensions of the AFM cantilever
(All-In-One-Al-D, Budget Sensors) are shown in Figure 1a. The force
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Figure 1. Dimensions of (a) the AFM cantilever (above) and glass
bead attached to the cantilever used for the force measurement
(below), and (b) schematic illustration of the set-up for in situ
observation using a CCD camera.

constant of the cantilever was 40 N/m. The cantilever had a 30 nm
thick aluminum reflective coating on the detector side; it was fixed on
a holder with a mirror tilted at 45° relative to the charge-coupled
device (CCD) camera below (SideView CantileverHolder, JPK).
Prior to each test, the cantilever was blown to remove electrostatic
effects using a bench-top ionizer (ENZR-B, Misumi Corp.) and
carefully cleaned using an ultraviolet (UV)—ozone cleaner (TC-003,
BioForce Nanosciences).

The CS, CL, and PSA samples were each cast on a release liner,
dried at 90 °C for 1 min, and spread on glass plates at thicknesses of
S, 15, 25, and 50 ym using a film applicator. The samples were stored
at room temperature prior to AFM analyses. The AFM cantilever was
inserted into the sample at an approaching velocity of 0.2 ym/s until
the compressive force reached 1000 nN. Subsequently, the AFM
cantilever was retracted to detach from the sample surface at either
0.0S, 0.2, or 1.0 ym/s. The force and displacement of the cantilever
were measured along with the observation using the CCD camera
from the initial contact until detachment. Our previous study
confirmed the reproducible force curves using the same PSA sample,
indicating that the spatial distribution of the tackifier was finer than
the contact area of the AFM cantilever.
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An additional experiment was conducted using a glass sphere
(diameter = 35 ym) attached to the tip of the AFM cantilever. This
glass sphere probe was prepared to increase the contact area for
capturing much clearer images using the CCD camera. Typically, the
AFM cantilever was lowered into an uncured epoxy adhesive and then
placed on the glass sphere until firmly fixed (Figure 1b). To avoid
exceeding the load capacity of the AFM because of the increased
contact area, the probe was retracted for detachment as soon as the
compressive force reached 0.05 nN, which was the minimum contact
force detectable by AFM. The approaching velocity toward the
sample surface was controlled at the same 0.2 pm/s as in the
experiment with an unmodified AFM cantilever.

Bl RESULTS AND DISCUSSION

DMA. The master curves of G’ and G” are shown in Figure
2a,b, respectively. As expected, the CS sample exhibited the
lowest G, particularly at lower angular velocities. However, it
exhibited an increase in G’ at higher velocities, which was also
observed with the CL sample. The addition of a tackifier led to
significant solidification at higher velocities, while promoting
flexibility at low velocities (<0.1 rad/s). However, neither
cross-linking nor tackifier addition had any effect on G’ at an
angular velocity in the order of 10 rad/s. Similarly, G” of all
three samples was almost identical, at an angular velocity ~1
rad/s. At higher velocities, all three samples continued to
exhibit an increase in G”; however, the increase was more
significant in the PSA sample.

Tan 6, as shown in Figure 2, illustrates the significant effect
of tackifier addition on the CL. At lower temperatures, which
were equivalent to higher angular velocities, the tackifier
significantly increased tan o. Furthermore, the maxima
increased by 1.5 times, and the corresponding temperature,
which is an estimate of the glass-transition point, shifted from
—20 to =5 °C. The increase in the maxima of tan 6 and the
glass-transition temperature, simultaneously given with the
higher storage modulus, is the distinctive feature for the
adhesion, which is sufficiently fluid for better contact but stiff
for resisting deformation. These changes caused by tackifier
addition have been reported in previous DMA analyses.”>*’

A lower G’ of the PSA sample at a sufficiently low velocity
(<0.1 rad/s) implies that the dissolved tackifier molecules in
the base copolymer imparted enough molecular mobility so
that the copolymer could flow and wet the substrate effectively
to form an adhesive bond.*”** At the same time, the spatially
distributed tackifier agglomerates with a size on the order of
several tens of nanometers are expected to render both the
moduli more sensitive to the angular velocity. Although the
detailed mechanism of how the morphology of the PSA affects
the viscoelasticity remains to be verified in a future study, the
significantly increased moduli at sufficiently high velocities
(>100 rad/s) are expected to synergistically promote resistance
against the rapid deformation of fibrillation during the release
process.

AFM. Effects of Cross-Linking and the Tackifier on
Adhesion Force during the Release Process. The relationship
between the cantilever displacement and the adhesion force of
the CS, CL, and PSA samples was studied using the AFM
cantilever at various release velocities. The sample thickness
was 15 pgm. As shown in Figure 3a, the depths of the cantilever
into the CS sample during compression varied slightly, whereas
the maximum forces during release were similar, regardless of
the release velocity. The maximum forces were always attained
at a displacement of 0 ym, where the tip of the cantilever was
positioned at the height of the sample surface. It could be
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Figure 2. Master curve of the (a) storage modulus, (b) loss modulus,
and (c) loss tangent at 10 Hz of the CS (solution), CL (cross-linked),
and PSA.

stated that the CS sample rose to form a meniscus upon
contact with the cantilever; however, it gradually receded
because of the inability to sustain tension after the tip of the
cantilever left the sample surface. The CL sample exhibited a
continuous increase even after the tip of the cantilever left the
sample surface, followed by a steeper increase in the adhesion
force at a displacement of ~5 um, as shown in Figure 3b. This
corresponds to the typical behavior of the loosening of
polymer chain entanglement at the beginning of the tension,
followed by the stretching of polymer chains under further
tension. It should be noted that a 20-fold increase in the
release velocity from 0.05 to 1 ym/s did not have any effect on
the elongation process, confirming the negligible viscoelastic
effects in this range of release velocity. By contrast, the
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Figure 3. Relationship between adhesion force and elongation at
various release velocities for the (a) CS, (b) CL, and (c) PSA (sample
thickness = 15 pm).

addition of the tackifier resulted in a higher adhesion force
with longer elongation at a higher release velocity (Figure 3c).
The viscoelastic effect clearly appeared during the elongation
process; thus, improved adhesion performance could be
observed at higher release velocity.

To confirm the improvement of the adhesion force by the
viscoelastic effect, the PSA sample was examined at a higher
release velocity of up to 150 ym/s (Figure 4). The maximum
adhesion force increased continuously and was proportional to
the fourth root of the release velocity.** Hence, it was proved
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Figure 4. Relationship between release velocity and maximum
adhesion force of the PSA sample.

that the adhesion strength can be improved at a sufficiently
high release velocity by adding the tackifier. The effect of
sample thickness was also investigated based on the samples of
the final product with tackifiers of thicknesses 5, 25, and 50
um. It was found that the maximum adhesion force that
facilitated detachment from the cantilever was not affected by
sample thickness, which is consistent with the findings of our
previous work.”!

In Situ Observation of Fibrillation with Force Measure-
ments. The adhesion forces at a release velocity of 1 um/s
recorded for the three samples were compared (Figure Sa). As
the adhesion forces until a displacement of 0 ym (i.e., the tip of
the cantilever at the sample surface) were similar, neither
cross-linking nor the tackifier affected the contact process in
which the samples wetted the cantilever. The highest
maximum adhesion force was observed with the CL sample,
implying that the tackifier addition is not always effective. A
sample without a tackifier may exhibit higher adhesion force,
particularly at low release rates because it is less sensitive to the
release velocity. However, tackifier addition significantly
increased the displacement at the detachment, whereas the
CS and the CL exhibited similar displacements despite
differences in adhesion force.

The fibrillation during the release process was also compared
based on the images captured using the CCD camera (Figure
Sb,c,d). These images were captured at six different displace-
ment positions, as marked in Figure Sa. No distinct differences
were observed in the first two images of all three samples,
which were acquired from compression to release through a
displacement of 0 pm. According to the contact depth,
approximately S ym, as shown in Figure Sa, the corresponding
contact radius was estimated to be 1 ym, considering the shape
of the cantilever. The red arrow in the second image in Figure
Sd represents the predicted contact diameter of 2 um. It
looked slightly shorter than the tip of the cantilever, which
indicates the formation of the meniscus upon contact with the
sample. The third images were also similar despite significantly
different adhesion forces, as noted in Figure Sa. The fourth
image finally revealed the difference where a rapid shrinkage of
the extracted volume was observed in the CS sample, leading
to the formation of a thin stringlike structure, as visible in the
fifth image. By contrast, CL and PSA samples exhibited a
conical shape of fibrillation in their fourth image. As the
elongation proceeded (fifth image), the PSA sample was highly
stretched near the tip of the cantilever while the CL sample
continued to exhibit a thick conical shape. Finally, all samples
exhibited separation in proximity to the tip of the cantilever.
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Figure S. (a) Adhesion force using an AFM cantilever at a release
velocity of 1 ym/s (sample thickness = 15 ym) and corresponding in
situ observations of the (b) CS (solution), (c) CL (cross-linked), and
(d) PSA.

The aforementioned experiments were repeated using an
AFM cantilever with a modified tip (attached glass sphere)
(Figure 6a) with the same sample thickness (15 ym). The
larger contact area of the glass probe increased the maximum
adhesion force for all the three samples, whereas the
corresponding displacements at the detachment were similar
to those observed with the unmodified cantilever. The
positions of the captured images are marked in Figure 6a.
The first image of all three samples was identical, as observed
with the unmodified cantilever. However, different diameters
of the contact area were observed in the second image (Figure
6b,c,d). A slight decrease in adhesion force was also observed
immediately after the acquisition of these images. The contact
area of the CS sample [Figure 6b] gradually decreased during
the release process, and the adhesion force decreased in
response to the decreased volume of the elongated sample.
The CL sample also exhibited a gradual decrease in the contact
area with increasing adhesion force. These observations
demonstrate that the CS and CL samples detached from the
glass sphere because of the decreasing contact area prior to
sufficient elongation of the sample despite good wettability of
the contact surface. By contrast, the contact area of the PSA
sample did not decrease drastically until detachment (Figure
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sample surface
10um
—

Contact 1um 7 um 12 ym 18 um 25 um
(b)
Contact 2 um 9 um 15 ym 20 um 25 um
©
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Figure 6. (a) Adhesion force using an AFM cantilever with an
attached glass sphere at a release velocity of 1 gm/s (sample thickness
= 15 pm) and corresponding in situ observations of the (b) CS
(solution), (c) CL (cross-linked), and (d) PSA.

6d) despite the thinner fibrillation at the beginning of the
release process.

Images of the CL and PSA samples (thickness = 25 pm)
were acquired at the same release velocity of 1.0 ym/s and
compared (Figure 7a,b). The images were acquired with the
glass sphere at the same height during the release process and
just before detachment. The CL sample exhibited thicker
fibrillation at the beginning of release, while the shrinkage of
the contact area was visible throughout the release process
until detachment. By contrast, the PSA sample maintained an
almost constant contact area from the beginning. The fourth
image was acquired at a height where the CL sample detached,
exhibiting a necking of the fibrillation a few microns below the
contact surface. As the sample further elongated, the necking
became more prominent without rupture. Eventually, the
contact area on the contact surface shrunk to a point to cause
detachment. These observations proved that the prevention of
shearing shrinkage of the contact area is essential for
maximizing the adhesion performance, which can be achieved
by adding a tackifier.

The adhesion force exceeded the load capacity of the AFM
in both samples, whereas the adhesion force was independent
of the sample thickness in the case of the unmodified
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Figure 7. In situ observations of the release of an AFM cantilever with
a release velocity of 1 ym/s (sample thickness = 25 ym) from the (a)
CL and (b) PSA.

cantilever, as discussed earlier. This implies that the depend-
ence of the maximum adhesion force on the sample thickness
resulted from the difference in the probe shape. The angled
contact surface of the unmodified cantilever led to a higher
shearing force, particularly along the contact line, owing to the
stress concentration (Figure 8a). Consequently, the contact
area shrank to cause detachment. This detachment is
independent of the sample thickness because localized high
shear stress is generated along the contact outline. By contrast,
the contact surface between the glass sphere and the sample
surface was almost parallel; thus, the normal force was more
dominant than the shearing force near the contact boundary.
Assuming the normal force to be uniformly distributed
throughout the contact area (Figure 8b), the corresponding
normal stress is determined by the strain rate, which is the

release velocity divided by the sample thickness. Our previous
study using the same PSA sample also demonstrated that the
adhesion forces at the detachment measured using a larger
glass probe (diameter = 6.35 mm) were proportional to the
contact area and determined by the strain rate after the gradual
increase during the fibrillation, whereas those measured using
an AFM cantilever were proportional to the contact radius.’
However, the CS and CL samples still exhibited a decrease in
the contact area because of insufficient stickiness to the glass
sphere (Figure 8c). Similar sliding mechanics of a PSA sample
without a tackifier was proposed for the detachment after
caviz growth and expansion using a macroscopic probe tack
test.

Sticking Effect of the Tackifier during the Detachment
Process. Although the acquired images clearly showed the
elongation of the samples during the release process, it was still
challenging to determine the nature of failure (adhesive or
cohesive) that caused the detachment from the probe. The
failure modes at detachment can be determined by repeated
testing under the same conditions without cleaning the surface
of the cantilever.’’ A detachment via cohesive failure would
leave the probe surface covered with the fragmented sample,
resulting in a significant reduction of the adhesion force after
each successive test. By contrast, fully adhesive failure would
provide reproducible results because the surface of the AFM
cantilever remains pristine. In the present case, the ratio of the
maximum forces measured in the second and the first test at
corresponding release velocities (1—150 pm/s) was plotted
(Figure 9). It can be inferred from the figure that the maximum
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Figure 9. Relationship between the release velocity and the ratio of
maximum adhesion forces for the first and second release tests.

force in the second test was significantly reduced at low release
velocities. This reduction of the maximum force demonstrated
that the fragmented PSA material was retained on the surface
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Shearing force
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Shearing force

®) ©

Figure 8. Local generation of a high strain rate along the contact outline because of shearing force in the case of the (a) AFM cantilever and the (b)
AFM cantilever with an attached glass sphere, and (c) shrinkage of the contact area from the CL.
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of the cantilever because of the cohesive failure after the first
test. At velocities >10 ym/s, the ratio increased dramatically to
0.8 and approached unity. At a release velocity of 150 ym/s,
the ratio was higher than unity, indicating that the maximum
force was higher in the second test. This suggests that the
surface of the AFM cantilever became cleaner after the first test
at higher velocities, and the failure mode transitioned from
cohesive to adhesive. As the in situ observations of fibrillation
in this study were conducted at a relatively low release velocity
of 0.05 to 1.0 um/s, the detachment observed in Figures 567
was attributed to the cohesive failure. In other words, the
probe surface and the samples were strongly bonded, and the
contact area was maintained until detachment.

As illustrated in Figure 8a, a very thin layer is formed along
the contact outline of the cantilever because of high shear
stress. As the sample continues to elongate, this layer becomes
thinner so that the strain rate may increase drastically even
under constant release velocity. The high storage and loss
moduli of the PSA sample significantly increased the resistance
against shearing deformation and prevented shrinkage of the
contact area. Consequently, higher adhesion force was
generated at a higher release velocity because of sufficient
elongation of the inherent polymer network. The tackifier
seemed to have less effect on the elongation of bulk fibrillation,
as demonstrated by the DMA results (Figure 2a,b). A release
velocity of 1 pm/s for the sample thickness 5—50 ym prepared
in this study is equivalent to a strain rate of 0.02—0.2 s™". At
such strain rates, both G’ and G” of the PSA sample were very
similar to those of the CL sample. Hence, it was confirmed that
the “sticking effect” of the tackifier on the contact area
facilitated high resistance to the shearing shrinkage during
release and enabled sufficient elongation of the sample at high
release velocities.

B CONCLUSIONS

This study investigated the adhesion mechanism of acrylic-
based PSAs with a tackifier using DMA and in situ AFM
analyses. The DMA results demonstrated that the addition of
the tackifier significantly increased the storage and loss moduli
at higher strain rates. These characteristics were corroborated
by the AFM force measurements. Specifically, the maximum
adhesion force at higher release velocities remained unaffected
in the case of the copolymer solution and the cross-linked
copolymer; however, it increased significantly when the
tackifier was added. Furthermore, the in situ observations of
the fibrillation process using a glass sphere revealed differences
in the detachment process. In the case of the cross-linked
polymer, the contact area gradually decreased as the fibrillation
progressed. This was attributed to the shrinkage of the fibrils
because of Poisson’s effect, where the contact outline
eventually shrunk to cause detachment. However, the final
product with the tackifier maintained the contact area during
elongation of the fibrils. The localized high storage and loss
moduli generated by the shearing deformation led to necking
just below the contact area because of resistance to the contact
outline against shrinkage. The tackifier led to viscoelastic
behavior of the PSA, which was essential for sticking to the
contact area until sufficient elongation of the fibrils.
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