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ABSTRACT: Effect of adhesive thickness on the wetting and deformation behaviors during probe tack test of pressure-sensitive adhe-
sive (PSA) was investigated. For this purpose, cross-linked poly(n-butyl acrylate-acrylic acid) [P(BA-AA)] and poly(2-ethylhexyl
acrylate-acrylic acid) [P(2EHA-AA)] random copolymers with an acrylic acid content of 5 wt % and thicknesses in the range of
~15-60 pum were used. Tack was measured using the probe tack test and the fracture energy was calculated from the areas under
force—displacement curve recorded during debonding process. From contact time dependence of fracture energy, the rising rate of
fracture energy with contact time increased with increasing of adhesive thickness and was P(2EHA-AA) > P(BA-AA). The fracture
energy was P(BA-AA) > P(2EHA-AA) at shorter contact time, whereas it reversed at longer contact time. This was caused by two dif-
ferent interfacial adhesions: the physical wetting of PSA molecules to the adherend surface with contact time and the chemical inter-
action between the acrylic acid units and the adherend surface. From the force—displacement curve measured under the condition of
sufficient interfacial adhesion, both maximum force and displacement—namely, the deformability of PSA during debonding pro-
cess—increased with adhesive thickness. The degree of increase of deformability was P(2EHA-AA) > P(BA-AA). The fracture energy
was found to depend on the development of interfacial adhesion during contacting process and the deformability of PSA during

debonding process. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43639.
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INTRODUCTION

The most important feature of pressure-sensitive adhesive (PSA)
tape is the ability to adhere to a substrate in response to light
pressure and after a short contact time, a property termed
“tack.” The American Society for Testing and Materials (ASTM)
defines tack as “the force required to separate an adherend and
an adhesive at the interface shortly after they have been brought
rapidly into contact under light load of short duration.”' The
ASTM has specified the light load and the short duration to be
9.8 kPa and 1 s, respectively. In our previous works, however,
we have employed alternative conditions as a means of investi-
gating the adhesion mechanism of PSAs.

Tse,” Yang,” and other researchers™™ pointed out that the adhe-
sion strength of a PSA is affected by two factors: the develop-
ment of interfacial adhesion and the cohesive strength of PSA
itself. However, it is difficult to divide these two factors and to
analyze separately. Previously,” to investigate the influence of
interfacial adhesion only, the contact time dependence of the
tack was determined with the contact times in the range of
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1-30,000 s using a probe tack tester. The cross-linked poly(n-
butyl acrylate-acrylic acid) random copolymers [P(BA-AA)]
with various degrees of cross-linking were used. The relation-
ship between tack and contact time was plotted and the tack
values were found to increase with contact time. This increase
in tack with contact time was attributed to the wetting rate of
PSAs to the probe surface. The increase in the tack with contact
time was observed to decrease as the degree of cross-linking of
the PSA decreased.

The temperature dependence of the tack was also assessed to
discuss the relative contribution of interfacial adhesion and
cohesive strength of PSA. Tack was observed to increase with
temperature up to a peak value, after which it decreased.” This
peak value shifted to higher temperatures with increases in the
degree of cross-linking. With increases in temperature and/or
decreases in cross-linking, the interfacial adhesion will increase
while the cohesive strength of the PSA will decrease, such that
an optimum value is obtained when the best balance of these
two factors is reached. The peak shifted to higher temperature
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with the increase in the relative contribution of cohesive
strength of PSA.

The contact time dependence of the tack values of P(BA-AA)
with various degrees of cross-linking was compared with that
for the cross-linked poly(2-ethylhexyl acrylate-acrylic acid) ran-
dom copolymer [P(2EHA-AA)] employed in our previous
study.® These copolymers are widely utilized as base PSA mate-
rials. The rising in tack with contact time was found to be
greater in the case of the P(2EHA-AA) compared to the P(BA-
AA). In addition, the P(2EHA-AA) exhibited greater molecular
mobility than the P(BA-AA) based on the results of 'H pulse
nuclear magnetic resonance (pulse NMR) analyses of un-cross-
linked PSAs at 23°C. This finding explains why the P(2EHA-
AA) shows a greater rising in tack with contact time than the
P(BA-AA).

In this study, wetting and deformation behaviors during probe
tack test for P(BA-AA) and P(2EHA-AA) were investigated
using test specimens with a constant cross-linking degree and
with different adhesive thicknesses, ranging approximately 15—
60 um. The adhesive thickness influences adhesion strength
greatly. Bikerman®’ showed theoretically that peel intensity
increased depending on adhesive thickness. Johnston'® experi-
mentally investigated the effect of adhesive thickness on peel
strength and found that peel strength increased with increasing
adhesive thickness, but plateaued above a certain adhesive thick-
ness. Previously,'' we drew the conclusion that the result of
Johnston'’ is reasonable from the analysis of the morphology of
stringiness during peel test. However, the influence of adhesive
thickness on tack properties of PSA is hardly investigated. In
our discussion, special attentions are paid to the effect of the
cohesive strength of PSA on tack properties. Aforementioned
Tse’ and Yang® explained that the cohesive strength of PSA is
dependent on its viscoelastic (storage and loss moduli) and
mechanical properties. So, in this study, the modulus and
deformability during debonding process of PSA are focused on
as the cohesive strength. The deformability of PSA was discussed
using the force—displacement curve recorded during probe tack
test under the condition of sufficient interfacial adhesion.

EXPERIMENTAL

Materials

P(BA-AA) with an AA content of 5 wt % [weight average
molecular weight (M,) of 500,000, polydispersity of 4.9, 40
wt % ethyl acetate solution, Toagosei Co., Ltd., Tokyo, Japan]
and P(2EHA-AA) with an AA content of 5 wt % (M, of
490,000, polydispersity of 4.1, 50 wt % ethyl acetate solution,
Fujikura Kasei Co., Ltd., Tokyo, Japan) were used as the base
polymers. N,N,N’,N'-tetraglycidyl-m-xylenediamine (Tetrad-X,
Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan) was
used as a cross-linker. Reagent-grade ethyl acetate was employed
throughout.

Sample Preparation

In each preparation, a predetermined quantity of the base poly-
mer solution was mixed with the cross-linker (at a level of
0.008 equivalents, Eq.) together with a quantity of ethyl acetate
sufficient to obtain the desired concentration of 40 wt %. Each
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solution was used to coat a PET film substrate (thickness: 38
um) serving as an applicator. The cast films were subsequently
heated at 115°C for 2 min to evaporate the ethyl acetate, and
then heated at 30°C for 10 days to accelerate the cross-linking
reaction in the same way as the previous report.'' Even if
heated more, neither the further weight reduction nor the
increase in the gel fraction took place. The thicknesses of the
resulting PSA layers were measured using a thickness indicator
(dial thickness gauge H-MT, Ozaki, Tokyo, Japan) and the sam-
ple thicknesses were determined to be approximately 15, 30, 45,
and 60 um.

Tensile Properties

The adhesive films cast on a silicone release agent-coated PET
film were cut into squares (50 X 50 mm) and peeled off. The
~50 pm-thick films were rolled to prepare cylindrical samples.
The stress—strain curve was recorded using a tensile testing
machine (EZ-LX, Shimadzu Corp., Kyoto, Japan) with a chuck
distance of 10 mm and a tensile rate of 5 mm s~ '. From the
curve, the stress at break and the elongation at break were
measured. The 100% modulus was calculated from the stress at
100% strain. Each sample was measured at least five times. The
data points represent the average values and the top and bottom
of the error bars indicate the maximum or minimum values,
respectively.

Probe Tack Test

Tack was measured using a probe tack tester (TE-6002, Tester
Sangyo Co., Ltd., Saitama, Japan) at various temperatures using
a previously reported method.”®'* A schematic of the test pro-
cedure and the measurement component of the probe tack tes-
ter are shown in Figure 1. The probe was cylindrical (5 mm in
diameter) and made of stainless steel. During these trials, a PSA
tape sample was attached to a weight (a), which is set on a sup-
porting board (b). The supporting board drops at a displace-
ment rate of 10 mm-s~' upon initiation of the test (c). The
weight supplied a compressive stress of 5.0 kPa. As the probe
moved up through a hole in the center of the weight, contact
was made between the probe and the adhesive tape sample (d).
After a predetermined contact time, the supporting board was
raised, again at a rate of 10 mm-s ! (equal to the debonding
rate), and debonding between the adhesive and the probe took
place (e). During which time, the force-displacement curve was
recorded. During these measurements, contact times were in the
range of 1-30,000 s for the contact time dependency and 30 s
for the temperature dependency. The tack value was calculated
from the maximum force value in the force—displacement curve,
whereas the fracture energy was determined from the area
under the curve. In this study, only the fracture energy values
are considered. Each sample was measured eight times; the data
points represent the average values and the top and bottom of
the error bars indicate the maximum and minimum values,
respectively, on all the data plots presented herein. All probe
surfaces were polished using an abrasive paper (#2000) prior to
each test as explained previously.”

As noted, to measure the tack under condition of improved
interfacial adhesion, the chamber was preheated to 90 °C for 20

min, followed by cooling to the desired measurement
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Figure 1. Components of the probe tack tester, including (a) weights and (b) the test apparatus, and diagrams of the test procedure showing (c) the
probe prior to sample contact, (d) bonding of the probe to the sample, and (e) debonding. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

temperature over 40 min after contact between the probe and
the PSA tape but before initiating debonding. This process is
termed “preheating” herein while the standard procedure is
denoted as “no heating.”

As shown in Figure 1(a), the PSA tape specimen was applied to
the top of the weight in our probe tack test. Thus, the tape
underwent deformation during debonding process, so that the
effect of the deformation of the backing material (the PET film)
is also included in the force—displacement curve. To allow meas-
urements of the force—displacement curve of the PSA alone, the
PSA tape was applied to a glass plate using a quick-drying
adhesive in some trials. This backing is termed “glass-reinforced
PET film.”

Interfacial Tension

In preparation for interfacial tensions measurements, the ethyl
acetate solvent in PSA solution was evaporated completely. The
obtained P(BA-AA) and P(2EHA-AA) were dissolved in toluene
and the toluene solutions with concentrations in the range from
0.02 to 1 wt % were prepared. The interfacial tensions between
these toluene solutions and water were measured using a ring
method (the so-called du Noily method) at 23°C in conjunc-
tion with a surface tensiometer (AN-526P type, Elex Scientific
Co., Ltd., Tokyo, Japan).

RESULTS AND DISCUSSION

PSA’s 100% Modulus

Figure 2 shows the stress—strain curves for cross-linked P(BA-
AA) and cross-linked P(2EHA-AA) measured by the tensile test
with a tensile rate of 5 mm s~ '. The cross-linker level is 0.008
Eq. The obtained 100% modulus, the stress at break, and the

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43639 (3 of 11)

elongation at break were listed in the table at the upper part.
The 100% modulus was higher for P(BA-AA) than for P(2EHA-
AA). The bulker 2-ethylhexyl groups in P(2EHA-AA) extend the
distance between main chains than the #-BA groups in P(BA-
AA). As a result, the intermolecular interaction between main
chains becomes weaker in P(2EHA-AA).

The dynamic mechanical analysis for P(BA-AA) and P(2EHA-
AA) with a cross-linker level of 0.24 Eq. was done at a fre-
quency level of 10 Hz. The peak temperatures of tan 6, namely,
the glass transition temperatures were —22°C for P(BA-AA)
and —39°C for P(2EHA-AA). Previously,8 the pulse NMR anal-
ysis for P(BA-AA) and P(2EHA-AA) with no cross-linker was

100% Modulus Stress at break Elongation at break

kPa kPa %
P(BA-AA) 81.2 845 1610
P(2EHA-AA) 28.1 486 1390
1.0
P(BA-AA)
@ 08 |
o
= o0s |
=
7} -« P(2ZEHA-AA
g 04 ‘t" i ( )
= e
D ooz t =
=7
0.0 Mezoeemoo—TTT L .
0 500 1000 1500 2000
Strain / %

Figure 2. Stress—strain curves of cross-linked P(BA-AA) and cross-linked
P(2EHA-AA) made using a cross-linker level of 0.008 Eq. measured by a
tensile test.
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Failure modes
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Figure 3. Fracture energy values of (a) cross-linked P(BA-AA) and (b)
cross-linked P(2EHA-AA) made with a cross-linker content of 0.008 Eq.
as functions of contact time and adhesive thickness as measured by the

probe tack test at 20°C at a debonding rate of 10 mm s~ .

done. The measured result indicated that P(2EHA-AA) has
more components with longer relaxation times than P(BA-AA).
That is, there are higher molecular mobility components in
P(2EHA-AA) than in P(BA-AA). Above results indicate that the
cohesive strength level is P(BA-AA) > P(2EHA-AA).

Contact Time Dependency
Zosel"? suggested that the fracture energy obtained from the area
under the force—displacement curve and the shape of force—dis-

Table 1. Increasing Rate of Fracture Energy with Contact Time®

The rate of increase of fracture

Adhesive energy”

thickness (um) P(BA-AA) P(2EHA-AA)
15 0.37 0.51

30 0.42 0.85

45 0.55 1.00

60 0.88 1.38

@The cross-linker content in P(BA-AA) and P(2EHA-AA) is 0.008 Eq. and
fracture energy was measured by the probe tack test at 20°C with a
debonding rate of 10 mm-s~*.

®The gradient obtained from linear approximation of the relation between
fracture energy and contact time shown in Figure 3.
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Table II. Interfacial Tension Values at the Water/toluene Interface Subse-
quent to the Addition of P(BA-AA) or P(2EHA-AA) as Measured Using
the du Notiy Ring Method at 23 °C

Interfacial tension (mN/m)

Concentration (wt %) P(BA-AA) P(2EHA-AA)
0 36.7

0.02 12.2 153

0.10 7.3 143

1.00 59 12.7

P(BA-AA) and P(2EHA-AA) were dissolved in toluene.

placement curve during debonding process are more important
than the tack value for understanding the adhesion mechanism.
Accordingly, the tack properties were discussed using the fracture
energy and the shape of the curve in this study.

Figure 3 presents the plots of the contact time dependence of
the fracture energy values for (a) cross-linked P(BA-AA) and
(b) cross-linked P(2EHA-AA) specimens. The fracture energy is
seemed to increase with both the contact time and the adhesive
thickness. The slopes of the plots of fracture energy against con-
tact time in Figure 3 indicate increases in the fracture energy
with prolonged contact time. These slope values were calculated
by fitting a linear trendline to each graph, and the resulting
data are shown in Table I. These values are attributed to the
wetting rate of PSAs to the probe surface as explained previ-
ously.”® The rate of increase of the fracture energy was higher
for P(2EHA-AA) than for P(BA-AA). That is, the P(2EHA-AA)
exhibited superior wetting characteristics compared to the
P(BA-AA). The fracture energy was also enhanced with increas-
ing adhesive thickness and the effect was more remarkable in
P(2EHA-AA) than in P(BA-AA). The apparent modulus of the
adhesive decreases with increasing thickness,"* because the
molecular mobilities near the adherend and the backing surfaces
were evidently restrained by these surfaces, and the relative rates
of motion of such restrained molecules decrease with increased
thickness. Furthermore, the molecular mobility is P(2EHA-
AA) > P(BA-AA) from the pulse NMR analysis in the previous
repor‘[.8

In Figure 3, at shorter contact times, the P(BA-AA) exhibits
greater fracture energy values than the P(2EHA-AA), whereas

(a) P(BA-AA) (b) P(2EHA-AA)
PSA layer PSA layer
‘ Probe ’ ’ Probe ’
+:-COOH ¢ :-COOH
o: n-BA group 0: 2EHA group

Figure 4. Schematic views of the chemical interaction for (a) P(BA-AA)
and (b) P(2EHA-AA). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 5. Schematic views of the three different types of failure modes
observed following the probe tack test.

the reverse is true at longer contact times. In our previous
report,® the similar phenomenon was also seen in the compari-
son of P(BA-AA) and P(2EHA-AA) with the same adhesive
thickness and different cross-linker levels. These results sug-
gested that the interfacial adhesion can be divided into two phe-
nomena: the wetting of the probe surface by the PSA molecules
(denoted as “physical wetting”) and the interactions between
the AA units in the PSA and the probe surface (denoted as
“chemical interaction”). The physical wetting of P(2EHA-AA) is
greater than that of P(BA-AA), and this effect gradually
becomes more pronounced with increasing contact time because
P(2EHA-AA) has higher molecular mobility than P(BA-AA) as
aforementioned. Conversely, the chemical interactions of P(BA-
AA) are greater than those of P(2EHA-AA). To confirm this
point, the effect of the addition of P(BA-AA) or P(2EHA-AA)
on the interfacial tension at the water/toluene interface was
measured and are summarized in Table II. The interfacial ten-
sion of the pure water/toluene interface was found to be 36.7
mN/m, in good agreement with the literature value of 36.3 mN/
m."” The addition of P(BA-AA) lowered the interfacial tension

20
(a) Adhesive thickness (um)

- ©:15,4:30,0:45,¢:60
& P(BA-AA)
E 15 No heating
x
)
@ 10
=
o
g
=
o S5 r
@
—
L

0

0 20 40 60 80 100

Temperature / °C
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more effectively than the addition of P(2EHA-AA). This result
indicates that the AA units in the P(BA-AA) molecules will
interact with the metal probe surface more effectively compared
to those in the P(2EHA-AA). Because the 2-ethylhexyl group is
bulkier than the n-butyl group, it generates steric hindrance
that inhibits the interaction of the AA unit. This comparison is
schematically shown in Figure 4. The stronger interactions
between the AA units in the P(BA-AA) and the metal surface
are thus expected to promote bonding over a shorter contact
time. For this reason, P(BA-
AA) >P(2EHA-AA) at shorter contact times, whereas the
reverse occurred at longer contact times, as shown in Figure 3.
It was also found from Figure 3 and Table I that the adhesive
thickness raises the physical wetting preferentially.

the fracture energy was

All the P(BA-AA) samples summarized in Figure 3 exhibited
standard interfacial failure while some P(2EHA-AA) specimens
showed abnormal interfacial failure, as shown in Figure 5. The
Type A failure shown in this figure occurs when debonding
takes place at the probe/PSA layer interface, and represents the
typical interfacial failure. In the case of Type B failure,
debonding occurs at both the probe/PSA and backing/PSA
interfaces. The debonding of the latter interface was typically
observed to form a gap, as shown in the upper portion of the
Type B diagram. In other cases, however, the PSA layer was
ruptured as in the lower portion of the Type B diagram. Type
C failures were also observed, in which debonding at both the
probe/PSA and backing/PSA interfaces occurred randomly. In
Figure 3, the labels “B” and “C” indicate Type B and Type C
failures, respectively, while the absence of any label indicates
Type A failure. It should be noted that Types B and C failures
were observed only for the P(2EHA-AA) specimens (Figure 3).
In addition, Types B and C failures occurred preferentially at
higher temperatures and when using thicker adhesive speci-
mens, equivalent to those specimens in which the interfacial
adhesion was higher. The failure mode observed in the major-
ity of the eight replicate trials is indicated in each figure. The

Failure modes
B: Type B, no mark: Type Ain Fig. 5
20

(b) P(2EHA-AA)
- No heating
~—
Lyl
o 15 |
-
x
>
>
© 10 F
c
[)
o
=
o 5 F
@
—
[T

0

Temperature / °C
Figure 6. Fracture energy values of (a) cross-linked P(BA-AA) and (b) cross-linked P(2EHA-AA) made with a cross-linker content of 0.008 Eq. as func-

tions of temperature and adhesive thicknesses as measured by the probe tack test under the condition of no heating at a debonding rate of 10 mm s~
and a contact time of 30 s.
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Figure 7. Influence of heating at 90°C on (a) 100% modulus, (b) stress at

break, and (c) elongation at break of cross-linked P(BA-AA) and cross-

linked P(2EHA-AA) made using a cross-linker level of 0.008 Eq. measured
by a tensile test.

fracture energy values should be shown as the average value by
only Type A failure essentially. However, there was no differ-
ence between average values by Type A and other failures in
Figure 3. So, the fracture energies were shown by the average
values containing different failure modes. The same processing
was done in Figures (6 and 8), and 13 which will appear later.
In the case of commercially available PSA tapes, surface treat-
ment is typically applied to the backing to improve the adhe-
sion properties. For this reason, Type B and C failures are
generally not observed with commercial products.

Temperature Dependency

Figure 6 shows the fracture energy values of (a) cross-linked
P(BA-AA) and (b) cross-linked P(2EHA-AA) as functions of
temperature and adhesive thickness, obtained at a contact time
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of 30 s. For P(BA-AA) (a), the fracture energy was clearly
improved with increasing adhesive thickness especially below
50°C. The fracture energy increased with temperature before
peak and then decreasing. With increases in temperature, the
interfacial adhesion will increase while the modulus of PSA will
decrease, such that an optimum value is obtained when the best
balance of these two factors is reached. The peak temperatures
were 50 °C (thicknesses of 15 and 30 um) and 30 °C (thicknesses
of 45 and 60 um). For P(2EHA-AA) (b), the fracture energy
was clearly improved with increasing adhesive thickness; how-
ever, it was more remarkable above 50°C. The peak tempera-
tures were 70°C (thicknesses of 15 and 30 um) and 60°C
(thicknesses of 45 and 60 pum). The peak temperatures were
higher than those for P(BA-AA).

In Figure 6, it is clear that the fracture energy is P(BA-
AA) >P(2EHA-AA) at lower temperature, whereas the reverse
occurred at higher temperatures. These phenomena are also
caused by the two kids of interfacial adhesion: the physical wet-
ting and the chemical interaction. At lower temperatures, the
chemical interaction formed in a shorter contact time (30 s) for
P(BA-AA). On the other hand, the appearance of physical wet-
ting was accelerated by heating for P(2EHA-AA). Further, the
adhesive thickness raises the physical wetting preferentially. So,
the fracture energy of P(2EHA-AA) at higher temperature was
improved, and the effect became more remarkable with increas-
ing of adhesive thickness.

The tack test contact time specified by ASTM' is 1 s. However, in
this study, we employed a contact time of 30 s in the same man-
ner as previous studies”®'? because more reproducible results
were obtained at contact times above 10 s. In our previous stud-
ies, tack values were determined at a contact time of 1 s* and it
was found that there were no differences in the basic trends
between the results obtained with contact times of 1 and 30 s.

Deformability of PSA

In Figure 5, the interfacial adhesion develops, whereas the mod-
ulus of PSA decreases with temperature rising. To discuss the
influence of modulus of PSA with temperature rising, the probe
tack test under the condition of sufficient interfacial adhesion is
desirable. For this purpose, Creton et al.'® employed the thick
adhesive layers on the order of 200 um and applied the signifi-
cant pressure to the PSA during the contacting process. In this
study, we performed the probe tack test with developed interfa-
cial adhesion under the condition of preheating. Under this
condition, the sample tape contacted with probe was heated at
90°C for 20 min followed by cooling to the desired measure-
ment temperature over 40 min, and then the debonding process
was started. However, it is desirable that the heating improves
only the interfacial adhesion and never influences on the modu-
lus of PSA. To confirm this point, the tensile properties of PSA
after heating at 90 °C were measured.

Figure 7 shows the influence of heating at 90°C on the tensile
properties of cross-linked P(BA-AA) and cross-linked P(2EHA-
AA). Heating hardly influenced (a) 100% modulus, (b) the
stress at break, and (c) the elongation at break. Therefore, the
heating affected the interfacial adhesion only.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43639
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Figure 8. Fracture energy values of (a) cross-linked P(BA-AA) and (b) cross-linked P(2EHA-AA) made with a cross-linker content of 0.008 Eq. as func-
tions of temperature and adhesive thickness as measured by the probe tack test under the condition of preheating at a debonding rate of 10 mm s~ .

The fracture energies measured under the condition of preheat-
ing for (a) cross-linked P(BA-AA) (b) cross-linked
P(2EHA-AA) are shown in Figure 8. The fracture energy was
evidently lowered with increasing temperature for both systems,
such that no peak was observed. These phenomena resulted
from the development of interfacial adhesion. Although the
interfacial adhesion was improved, an increase in the fracture
energy with increasing adhesive thickness was also observed.
And the effect of adhesive thickness on the increasing of frac-
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ture energy was more significant in (b) P(2EHA-AA) than in
(a) P(BA-AA), especially at higher temperature range.

The force—displacement curves during debonding process for (a,c)
cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-AA) of the
(a,b) no heating and the (c,d) preheating obtained at 20°C are
presented in Figure 9. In the case of the no-heating specimens
(a,b), both the maximum force and maximum displacement were
higher for P(BA-AA) than P(2EHA-AA). This is because the
chemical interaction formed effectively in the P(BA-AA), in spite
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Figure 9. Force—displacement curves obtained from (a,c) cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-AA) made with a cross-linker content of
0.008 Eq. and with different adhesive thicknesses as measured by the probe tack test at 20 °C under the conditions of (a,b) no heating (contact time of

30 s) and (c,d) preheating at a debonding rate of 10 mm-s .

Mnk\"‘li"§ WWW.MATERIALSVIEWS.COM
1

43639 (7 of 11)

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43639

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
25
(@) P(BA-AA)
20 No heating
Z 45 |
8
5 10
'S ~
. \\
5 O
RN
RN
0 1 1 1 LY e 1 L
00 02 04 06 08 10 12 14 16
Displacement / mm
25
©) P(BA-AA)
20 L Pre-heating
z | -
© =
o
& 10 | -\ N\
w /’, N \
5 f y AN \
P % \
. A
0 e e N

00 02 04 06 08 1.0 12 14 16
Displacement / mm

25
(b) Adhesive thickness (um)
2+ e 115
—:30
Z 15 | - 45
° — G0
g 10 } % P(2EHA-AA)
I \ No heating
\
5 | i \
Iy \
s, \
P \\‘ \
0 1 1 1Y I\ Al 1 1
00 02 04 06 08 10 12 14 16
Displacement / mm
25
(d) P(2EHA-AA)
20 | Pre-heating
Z 5} T
g I" \‘\
L?. o y \\\ \\
5 | \
y i Y
KKK o _ AR N, Y.}
00 02 04 06 08 10 12 14 16

Displacement / mm

Figure 10. Force—displacement curves obtained from (a,c) cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-AA) made with a cross-linker content
of 0.008 Eq. and with different adhesive thicknesses as measured by the probe tack test at 50 °C under the conditions of (a,b) no heating (contact time

of 30 s) and (c,d) preheating at a debonding rate of 10 mm s

of short contact time. So, the maximum displacement seems as
the index of interfacial adhesion level. Both the maximum force
and the maximum displacement were improved by the preheating
for P(BA-AA) (ac). However, the improvement effect was far
remarkable for P(2EHA-AA) (b,d). This is a result of the remark-
able improvement in physical wetting as aforementioned.

The same force—displacement curves measured at 50°C are
shown in Figure 10. In the no-heated and preheated P(BA-AA)
measured at 50°C (a,c), the maximum stress was lower than

Backing: glass-reinforced PET film
" Failure mode: All Type Ain Fig. 5
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Figure 11. Fracture energy values of cross-linked P(BA-AA) and cross-
linked P(2EHA-AA) made with a cross-linker content of 0.008 Eq. as a
function of adhesive thickness as measured by the probe tack test at 20°C
under the conditions of no heating (contact time of 30 s) and preheating
at a debonding rate of 10 mm-s™'. Backing is glass-reinforced PET film.
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those measured at 20°C with almost the same maximum dis-
placement [Figure 9(a,c)]. This is caused by the decrease of
modulus of PSA with temperature rising. In the no-heated
P(2EHA-AA) measured at 50°C (b), both maximum stress and
displacement were higher than that measured at 20°C [Figure
9(b)]. The physical wetting was improved by temperature rising.
In the preheated P(BA-AA) [Figure 9(c)] and P(2EHA-AA)
[Figure 9(d)] measured at 20 °C, both the maximum stress and
displacement increased with adhesive thickness. On the other
hand, the increase in the maximum displacement was more
remarkable in those measured at 50°C [Figure 10(c,d)]. The
degree of increase with adhesive thickness of these values in
thicker specimen was P(2EHA-AA) >P(BA-AA). From these
results, the interfacial adhesion was found to influence on the
superior deformability greatly.

As explained in the experimental section, the fracture energy
values provided in Figures 3 and 6, and 8 are distorted by the
effect of the deformation of the backing material (PET film) to
which the PSA tape had been applied. To negate this influence,
PSA tape samples were also applied to glass plate substrates
using a quick-drying adhesive (the glass-reinforced PET film),
following which the tack tests were again performed. The frac-
ture energy values determined by using the glass-reinforced PET
film for cross-linked P(BA-AA) and cross-linked P(2EHA-AA)
under the conditions of no heating and preheating measured at
20°C are presented in Figure 11. The fracture energy increased
with increasing of adhesive thickness for all systems. There is no
difference in the fracture energy between P(BA-AA) and
P(2EHA-AA) for no heated system. On the other hand, the
fracture energies for P(2EHA-AA) of preheated system were far
higher than those for P(BA-AA).
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Figure 12. Force—displacement curves obtained from (a,c) cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-AA) made with a cross-linker content
of 0.008 Eq. and with different adhesive thicknesses as measured by the probe tack test at 20 °C under the conditions of (a,b) no heating (contact time
of 30 s) and (c,d) preheating at a debonding rate of 10 mm s~ '. Backing is glass- reinforced PET film.

The associated force—displacement curves are shown in Fig-
ure 12. All maximum stress and displacement values [other
than the preheated P(2EHA-AA) with the thicknesses of 45 and
60 um shown in Figure 11(d)] with the glass-reinforced PET
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film (Figure 12) were far lower than those with the usual PET
film (Figure 9). These are caused by the lower interfacial adhe-
sion in the glass-reinforced PET film system. The PSA tape with
usual PET film deforms during the contacting process shown in
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Figure 13. Fracture energy values of (a,c) cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-AA) made with a cross-linker content of 0.008 Eq. as
functions of temperature and adhesive thickness as measured by the probe tack test under the conditions of (a,b) no heating (contact time of 30 s) and
(c,d) preheating at debonding rates of 10 (15 pm thickness), 20 (30 um), 30 (45 um), and 40 (60 ym) mm s~ !. The strain rate is 6.7 X 10% s .
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Figure 14. Force—displacement curves obtained from (a,c) cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-AA) made with a cross-linker content of
0.008 Eq. and with different adhesive thicknesses as measured by the probe tack test at 20 °C under the conditions of (a,b) no heating (contact time of 30 s)
and (c,d) preheating at debonding rates of 10 (15 um thickness), 20 (30 pm), 30 (45 um), and 40 (60 um) mm-s_ . The strain rate is 6.7 X 10> s~ ..

Figure 1(d). This deformation accelerates the wetting of PSA to
probe surface, whereas no deformation occurs in the case of
glass-reinforced PET film. In the preheated P(2EHA-AA) with
the thicknesses of 45 and 60 pum and the glass-reinforced PET
film shown in Figure 12(d), the maximum stress values were
equal to those with the usual PET film shown in Figure 9(d)
although the maximum displacement values were lower. The
force—displacement curves of preheated system shown in Figure
12(c,d) indicate the true deformability of PSA, which eliminated
the influence of backing material. That is, the true deformability
during debonding process seems to be P(2EHA-AA) > P(BA-
AA). However, the higher deformability of P(2EHA-AA) is
attained by the excellent interfacial adhesion.

Above probe tack test was done under the condition of constant
debonding rate. However, the strain rate as actual deformation
rate changes with adhesive thickness. To confirm the influence
of deformation rate, the probe tack test under the condition of
constant strain rate was carried out. The strain rate (r,) could
be determined from the following equation:

=2 (1)
a

where r4 is the debonding rate of probe tack test (=10 mm-s~ ")
and a is the adhesive thickness. The strain rates were 6.7 X 102
s~ ! (adhesive thickness: 15 um), 3.3 X 10% s~! (30 um), 2.2 X
10* s~' (45 pm), and 1.7 X 10% s~' (60 um). Then, the strain
rate was unified to 6.7 X 10 s~ '. The debonding rates under
this condition are 10 mm-s~' (adhesive thickness: 15 um), 20
mm-s~ ' (30 um), 30 mm-s~' (45 um), and 40 mm-s ' (60
um). The contacting rate is set as 10 mm-s~ ' for all.
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Figure 13 shows the temperature dependence of fracture energy
of (a,c) cross-linked P(BA-AA) and (b,d) cross-linked P(2EHA-
AA) as functions of temperature and adhesive thickness as
measured by the probe tack test under the conditions of (a,b)
no heating and (c,d) preheating with a strain rate of 6.7 X 107
s~ '. The tendencies were similar to the results measured under
the condition of constant debonding rate shown in Figures 6
and 8. That is, the rising of the fracture energy with increasing
of adhesive thickness was seen clearly.

The force—displacement curves during debonding process under the
condition of constant strain rate for (a,c) cross-linked P(BA-AA)
and (b,d) cross-linked P(2EHA-AA) of (a,b) the no heating and
(c,d) the preheating obtained at 20°C are presented in Figure 14.
The shape of the curves differed as compared with the curve meas-
ured under the constant debonding rate (Figure 9). The increase of
maximum stress was lowered, whereas the maximum displacement
became larger clearly with the increase in adhesive thickness for all
the systems. That is, it is clear that the deformability increased with
thickness, even under the condition of constant strain rate.

CONCLUSIONS

Wetting and deformation behaviors during probe tack test for
cross-linked P(BA-AA) and cross-linked P(2EHA-AA) with dif-
ferent adhesive thicknesses were investigated using the probe
tack test. The results of this work indicate the following.

The 100% modulus as the level of cohesive strength measured
by tensile test was P(BA-AA) > P(2EHA-AA).

The fracture energy was observed to increase with prolonged
contact time and at greater adhesive thicknesses for both P(BA-
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AA) and P(2EHA-AA). The wetting rate with increasing of con-
tact time and adhesive thickness was P(2EHA-AA) > P(BA-AA).

The fracture energy order was P(BA-AA)>P(2EHA-AA) at
shorter contact times, but this order was reversed at longer con-
tact times. There are two types of interfacial adhesion: the wet-
ting of PSA molecules to the adherend surface (the physical
wetting) and the interaction between the acrylic acid units in
the PSA molecules with the adherend surface (the chemical
interaction). The effect of chemical interaction appears within a
short time span and is more important in P(BA-AA). The phys-
ical wetting increases gradually with prolonged contact time and
is superior in P(2EHA-AA). An increase in the adhesive thick-
ness improves only the physical wetting.

From the temperature dependency, the fracture energy order
was P(BA-AA) > P(2EHA-AA) below 40°C, whereas the reverse
was observed above 40°C. At lower temperatures, the chemical
interaction formed for P(BA-AA), whereas the appearance of
physical wetting was accelerated at higher temperature for
P(2EHA-AA).

From the force—displacement curves measured probe tack test
under the conditions of sufficient interfacial adhesion, lowered
the deformation of backing and constant strain rate, both maxi-
mum force and displacement, namely, the deformability of PSA
during debonding process increased with increasing of adhesive
thickness. The deformability of PSA under the developed inter-
facial adhesion was P(2EHA-AA) > P(BA-AA).

Both the interfacial adhesion and the deformability of PSA dur-
ing debonding process have an effect on tack properties. An
increase in the adhesive thickness improves these two factors.
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