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ABSTRACT: Adhesion and viscoelastic properties and
morphology of a polyacrylic block copolymer/tackifier
blend were investigated. Special rosin ester resins with dif-
ferent weight average molecular weights of 650, 710, 890,
and 2160 were used as the tackifier and blended with a
polyacrylic block copolymer consisting of poly(methyl
methacrylate) and poly(n-butyl acrylate) blocks at tackifier
content levels of 10, 30, and 50 wt %. The compatibility
decreased with an increase in molecular weight. From
TEM observation, the number of formed agglomerates of
the tackifier with sizes on the order of several tens of
nanometers increased with increasing tackifier content and
molecular weight of the tackifier in the range from 650 to
890. For the tackifier with a molecular weight of 2160,
micrometer-sized agglomerates were observed. The stor-
age modulus at low temperature and the glass transition
temperature of adhesive measured by a dynamic mechani-

cal analysis increased dependent on the number of formed
nanometer sized agglomerates. Tack was measured using
a rolling cylinder tack tester over wide temperature and
rolling rate ranges, and master curves were prepared in
accordance with the time-temperature superposition law.
Tack and peel strength were optimum at a blend combina-
tion of intermediate compatibility, i.e., the molecular
weight of 890. These optimum properties were correlated
to maximal values of the storage modulus at room temper-
ature and the glass transition temperature. Therefore, it
was found that these features of blend properties are
strongly affected by the nanometer sized agglomerates of
tackifier. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci 123:
2883–2893, 2012
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INTRODUCTION

Commonly, pressure-sensitive adhesive tapes contain
a tackifier and a base polymer such as natural rubber,
synthetic rubber, or a block copolymer. The tackifier
develops the mobility of the base polymer during the
taping process by acting as a diluent and also
improves the peel strength during the peeling process.
Many researchers1–9 as well as ourselves10–14 have
investigated the mechanism of tackiness development
through the addition of a tackifier.

In our previous study,12 the effect of the compati-
bility of the tackifier on phase structure and adhe-
sion properties was investigated. For this purpose, a
polyacrylic block copolymer consisting of poly
(methyl methacrylate) (PMMA) and poly(n-butyl
acrylate) (PBA) blocks and three types of tackifiers
with different chemical structures and compatibil-
ities with the polyacrylic block copolymer were

used. From transmission electron microscopic obser-
vations (TEM), agglomerates of the tackifier were
observed and their size was found to increase from
several tens of nanometers to several tens of micro-
meters depending on the compatibility of tackifier
and basepolymer. Improved adhesion properties
were obtained in the phase structure when the
agglomerates were on the order of several tens of
nanometers. A similar result was obtained in poly-
styrene block copolymer/tackifier blends.10,11,13 The
above results, however, are affected by the influence
of the chemical structure of the tackifier on the adhe-
sion properties.
The first aim of this study was to clarify the influ-

ence of phase structure on the adhesion properties
using tackifiers with similar chemical structures. To
achieve this goal, special rosin ester resins with
different weight average molecular weights were
blended with a polyacrylic block copolymer. The
phase structure, namely the size of the tackifier
agglomerates, was varied by changing the molecular
weight of the tackifier to diminish any influence of
the chemical structure of the tackifier.
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The second aim of this study was to clarify the
factors that contribute to development of adhesion
properties. The adhesion strength of pressure-sensi-
tive adhesives increases in response to two factors:
the development of interfacial adhesion and the me-
chanical properties of the adhesive. Tse15 and Yang16

explained the properties of pressure-sensitive adhe-
sive (T) as follows:

T ¼ Wa � B �D (1)

where Wa is the work of adhesion between the adhe-
sive and the adherend, namely the aforementioned
interfacial adhesion. B and D are related to the
viscoelastic properties of the adhesive; B depends on
the plateau modulus of the adhesive, and D
increases with increasing of loss modulus. Creton
et al. considered B and D to be ‘‘cohesive.’’17 They
observed the deformation behavior of an adhesive
layer during a probe tack test with a very low probe
velocity of 1 lm s�1 using a high-speed camera and
discussed about the contribution of D to tack.18

In this study, tack was measured using a rolling cyl-
inder tack tester over wide temperature and rolling
rate ranges. The master curves for tack were prepared
in accordance with the time-temperature superposi-
tion law19–23 to clarify the deformation rate on tack.
Pressure-sensitive adhesives are typical viscoelastic
materials. The relationship between the viscoelastic
and tensile properties and the adhesion properties,
such as the rolling rate at which tack begins to appear
and tack value, were therefore evaluated.

EXPERIMENTAL

Materials

A mixture of a PMMA-block-PBA-block-PMMA tri-
block copolymer with a weight average molecular
weight (Mw) of 75,000 and a PMMA segment content
of 23 wt % (MAMTRI, LA2140e, Kuraray, Tokyo,
Japan) and a PMMA-block-PBA diblock copolymer
with a Mw of 71,000 and a PMMA segment content
of 6.3 wt % (MADI, LA1114, Kuraray, Tokyo, Japan)
(1/1, w/w) was used as the base polymer. The mix-
ture is hereafter denoted as ‘‘MAM’’ and its PMMA
content is 15 wt %.

Four types of commercially available tackifiers,
special rosin ester resins (Super ester A-75, A-100,
A-115, and A-125, Arakawa Chemical Industries,
Osaka, Japan) were used as received. Their number
(Mn) and weight-average molecular weights (Mw),
polydispersities, softening points and glass transition
temperatures (Tg) are listed in Table I. These values
were shown by the manufacture maker. In this
study, the resins are denoted as RE-650, RE-710,
RE-890, and RE-2160. The numbers in the abbrevia-
tions indicate the weight-average molecular weight.
Chemical structures of the compounds used in the
tackifiers are shown in Figure 1. The tackifiers are
mixtures of these structures, and their molecular
weights are dependent on the mixing ratio of the
compounds. Reagent grade toluene was used as a
solvent.

Compatibility test

The compatibility of each tackifier with MAM was
estimated qualitatively using the following simple
tests as described in the previous study.12 First, the
phase separation of MAM and the tackifier in tolu-
ene solution was examined. Individual solutions of
MAM in toluene (40 wt %) and tackifier in toluene
(40 wt %) were prepared. These two solutions were
then mixed in a test tube and stirred with an agita-
tor for 1 h. After the test tube was allowed to stand
for 1 week at 25�C, the mixture in the tube was
observed visually. Solutions with tackifier content of
10, 30, and 50 wt % based on total solid content
were evaluated.
Next, 40 wt % toluene solutions of MAM/tackifier

were cast on a poly(ethylene terephthalate) (PET,
thickness: 38 lm) sheet. After evaporating the tolu-
ene at room temperature, the transparency of the
films was observed visually. For these experiments,
tackifier content ranged from 10 to 60 wt %.

TABLE I
Number and Weight Average Molecular Weights,

Polydispersities, Softing Points and Tgs of Tackifiers
Used in This Study

Mn Mw Mw/Mn Softing point/�C Tg/
�C

RE-650 600 650 1.1 70–80 36
RE-710 670 710 1.1 95–105 60
RE-890 750 890 1.2 108–120 70
RE-2160 100 2160 2.2 120–130 84

Figure 1 Structure of tackifier used.
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Sample preparation

Solutions of 50 wt % MAM/tackifier in toluene were
prepared. The tackifier content in the solid ranged
from 0 to 60 wt %. The solutions were cast on a
polyethylene terephthalate (PET, thickness: 38 lm)
sheet. After the toluene evaporated at room tempera-
ture, the cast film was heated at 100�C for 10 min in
vacuo. The resulting thickness of the pressure-sensi-
tive adhesive layer was measured using a thickness
indicator (Dial thickness gauge H-MT, Ozaki, Tokyo,
Japan) and typically was determined to be about 60
lm. A silicone release agent-coated PET sheet was
used for the tack test, whereas an uncoated PET
sheet was used for the peel test.

To prepare thick sheet specimens, the toluene sol-
utions were cast on release paper and the toluene
was evaporated at room temperature for 1 week.
Thick sheet specimens with a thickness of about 2
mm were obtained.

TEM observation

TEM images were obtained with a TEM (H7100FA,
Hitachi, Tokyo, Japan) using an acceleration voltage
of 100 kV. The pressure-sensitive adhesive was
sliced into thin sections of about 80 nm thickness
using a low-temperature ultramicrotome (Ultracut
S/FCS, Leica Microsystems, Wetzlar, Germany) after
freezing in liquid nitrogen. The thin sections were
stained with vapors of an aqueous 0.5% RuO4 solu-
tion for 3 min or by dipping in 10–15% phosphorous
tungstate aqueous (PTA) solution.24

Dynamic mechanical analysis

An about 2 mm thickness sheet (described above) was
cut in rectangles (9 � 40 mm2) and peeled off. The
temperature dependence of its dynamic viscoelastic
properties were studied using a dynamic mechanical
analyzer (DMS-6000, SII NanoTechnology, Chiba,
Japan) in the tensile mode at 10 Hz frequency with a
heating rate of 2�C min�1 and 8 lm applied strain.
The measurements were conducted over the tempera-
ture range �80–200�C. The frequency dependence of
its dynamic viscoelastic properties were measured at
constant temperature and variable frequency. The
measured temperature and frequency were in the
range from �80 to 80�C and from 0.1 to 100 Hz,
respectively. The obtained results were shifted and
superposed, and the master curve was made in
accordance with the time-temperature superposition
law.19–23 The reference temperature was 25�C.

Tensile test

The sample films cast on a PET sheet coated with a sil-
icone release agent were cut in squares (50 � 50 mm2)

and peeled off. The films with a thickness of about
60 lm were rolled and the cylindrical shaped speci-
mens were prepared. Stress–strain curves were
recorded using a tensile testing machine (AG-5KNIS,
Shimadzu, Kyoto, Japan) with a chuck distance of
10 mm and a tensile rate of 300 mm min�1.

Peel strength

The PET sheet with the cast pressure-sensitive adhe-
sive film prepared in the sample preparation section
was cut into strips of 25 mm width, and the strips
placed onto a stainless steel plate (SUS304BA, Nip-
pon Tact, Tokyo, Japan) that was used as the adher-
end. The strip on the stainless steel plate was
pressed using a 2 kg iron-roller with a rubber sheet
on the surface to develop good contact between the
adhesive and the steel plate. Test specimens were
subjected to five press cycles, with a press cycled
defined as the movement of the iron-roller backward
and forward once. For further development of inter-
facial adhesion, the test specimens were heated at
100�C for 2 h. The time between specimen prepara-
tion and the peel adhesion test was about 20 min.
The 180� peel adhesion test was carried out at a

peel rate of 300 mm min�1 at room temperature
using a tensile testing machine in accordance with
JIS Z 0237 (Japanese Industrial Standards) as previ-
ously described.10–14

Rolling cylinder tack test

Tack was measured using a rolling cylinder tack tes-
ter (TSC-2000, Mitsuwa Scientific, Osaka, Japan) as
reported previously.13 The schematic view of the ap-
paratus is shown in Figure 2. The 30-mm width
pressure-sensitive adhesive layer on the PET sheet
coated with a silicone release agent was taped on a
bakelite plate, and the adhesive layer transferred
onto the plate. The coated plate was then inserted
into the adhesive holder. The stainless steel SUS304
cylinder of 20 mm in width and 10 mm in diameter
was brought into contact with the adhesive and the
adhesive holder moved at a constant rate. The

Figure 2 Rolling cylinder tack tester. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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additional weight was 100 g. The load generated by
the rolling of the cylinder was measured as tack
value. The rate and temperature values ranged from
0.03 to 300 mm s�1 and from 25 to 80�C, respec-
tively. Master curves were prepared in accordance
with the time–temperature superposition law.19–23

RESULTS AND DISCUSSION

The compatibility of a base polymer and tackifiers
were confirmed by the simple compatibility test both
in the toluene solution and the cast film states in the
same way as the previous study.12 The results of the
compatibility tests can be seen in Figure 3. The top
photographs show the toluene solutions of the
mixtures of MAM and tackifier in the test tubes for
RE-710 (a) and RE-2160 (b), respectively. The test
tubes were allowed to stand for 1 week after mixing
was discontinued. No interface was observed in any
of the test tubes and the mixtures were transparent.
The same results were obtained for the MAM/RE-650
and MAM/RE-890 mixtures. These results indicate
that MAM and the tackifiers have good compatibility
in the solution state independent of the molecular
weight of both the tackifier and the tackifier content.

The bottom photographs in Figure 3 show the
transparency of the prepared films. The films were
transparent for the MAM/RE-710 blend at all tackifier
content levels (0–60 wt %, a). The same results were
obtained for the MAM/RE-650 and MAM/RE-890
blends. The films were turbid for the MAM/RE-2160
blend (b), however, and the turbidity became more

significant with increasing tackifier content. This
result indicates that the MAM/RE-2160 blend is
incompatible in the solid state, even though it is
compatible in the presence of toluene. The other three
tackifiers, on the other hand, exhibited good compati-
bility with MAM for the conditions of the compatibil-
ity tests employed in this study.
Detailed compatibility was confirmed via TEM

observation. TEM images of MAM (a) and MAMTRI
(b) stained with PTA solution are shown in Figure 4.
The PTA solution stains the PMMA portions in the
MAM and not the PBA.24 Therefore, the sea-island
structure with spherical PMMA domains possessing
a mean size of about 20 nm dispersed in the PBA
continuous phase was observed for MAM (a). The
similar morphology was also observed in MAMTRI
(b). However, the portion with which PMMA
domains were connected increased slightly as com-
pared with MAM (a). The clear morphology was
never observed for MADI. The PMMA contents of
MAMTRI, MAM, and MADI were 21, 14, and 6 vol
%, respectively. Matsen and Bates25 demonstrated
that there is the relation between the morphology of
polystyrene block copolymer and the PS content.
According to the phase diagram obtained by them,
MAMTRI and MAM should form a cylindrical struc-
ture and a sea-island structure, respectively. And
MADI should form a compatible system. The tend-
ency of the relation between the morphology and
PMMA content was in good accord with their phase
diagram, although the kind of polymer differed.
TEM images of MAM/RE-710 (a–c), MAM/RE-

890 (d–f), and MAM/RE-2160 (g–i) blends stained
with RuO4 and prepared at tackifier content levels
of 10 (a, d, g), 30 (b, e, h), and 50 wt % (c, f, i) are
shown in Figure 5. It is difficult to observe in the
TEM image that the PMMA and PBA phases show
different darkness levels due to the RuO4 staining.
RuO4 stains the tackifier preferentially, therefore the
white and the gray parts are the PMMA domains
and the PBA continuous phase with dissolved tacki-
fier, respectively. From the images it can be seen
that the tackifier preferentially exists in the PBA

Figure 3 Mixtures of MAM/tackifier/toluene solutions
(top) with tackifier contents of 0–50 wt % and transpar-
ency of prepared films from the mixtures (bottom) with
tackifier contents of 0–60 wt % for tackifiers RE-710 (a)
and RE-2160 (b). The test tubes were allowed to stand for
1 week after mixing. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 4 TEM images of thin sections of MAM (a) and
MAMTRI (b). TEM samples were stained with PTA.
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continuous phase rather than in the PMMA
domains. In the MAM/RE-890 blend (d–f), black
spots on the order of several tens of nanometers in
size were observed. These spots represent agglomer-
ates of tackifier. The size and number of the agglom-
erates increased with an increase in tackifier content.
Secondary agglomeration was observed at 50 wt %
(f). In the MAM/RE-710 blend (a–c), the number
and size of the agglomerates was much less than
that in the MAM/RE-890 blend (d–f). A similar ob-
servation was obtained in the MAM/RE-650 blend
(no photo in this article). On the other hand, the ag-
glomerate size increased in the MAM/RE-2160 blend

(g–i) and reached several micrometers at 50 wt % (i).
In general, the number and size of the agglomerates
increased with increasing molecular weight and
tackifier content. It was therefore confirmed that the
compatibility of MAM and the tackifier decreased in
conjunction with an increase in molecular weight of
the tackifier.
The temperature dependence of the storage modu-

lus (E0) (a) and loss tangent (tan d) (b) for MAM (l)
and the MAM/RE-890 blends with tackifier content
levels of 10 (*), 30 (D) and 50 wt % (h) are shown
in Figure 6. Notably, E0 decreased drastically at
about �45�C for MAM; this temperature is the Tg of

Figure 5 TEM images of thin sections of MAM with tackifier RE-710 (a–c), RE-890 (d–f), and RE-2160 (g–i). Tackifier con-
tents are 10 (a, d, g), 30 (b, e, h), and 50 wt % (c, f, i). TEM samples were stained with RuO4.
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the PBA matrix. The addition of the tackifier, how-
ever, resulted in an increase in the Tg, and the
increase was greatest at the highest tackifier content
level. For all of the tackifier content levels, E0 was
higher than that of MAM at temperatures below
about 50�C, at which point they decreased drasti-
cally for the films with a tackifier content of 30 and
50 wt %. The tackifier hardens the PBA (increases
both the E0 and Tg) below Tg of PBA but softens it
above Tg of PBA.

Looking at the plots of tan d (b), the sharp peaks
corresponding to the Tg of PBA are clearly observed.
The values for the Tg increased with an increase of
the RE-890 content in the same as those observed in
the temperature dependence of E0 (a).

The E0 values at 25�C (a) and the peak tempera-
tures of the tan d (b) for all of the MAM/tackifier
blends shown in Figure 6 are plotted in Figure 7.
The values of E0 at 25�C (a) are lower than that for
MAM for the RE-650 blend of 10 and 30 wt %, the
RE-710 blend of 10 wt % and the RE-2160 blend of
10 wt %. This fact shows that the tackifier dissolved
in the base polymer reduced the E0 by acting as a

plasticizer. Because there were very few amount of
agglomerates in these adhesives from Figure 5. For
all of the films, the E0 value increased with increas-
ing molecular weight and content, although the
effect for RE-2160 was lower than that for RE-890.
The peak temperature of tan d also rose with the

addition of tackifier and increased with increasing
molecular weight. The largest effect was observed
for the RE-890 blend, while the least effect was
noted for RE-2160. It seems that the increase of E0

and Tg at low temperature is related to the amount
of formed several tens nm-sized agglomerates of
tackifier as observed in Figure 5.
To confirm this point, the measured peak tempera-

ture of tan d values were compared with the Tgs calcu-
lated by the rule of mixture (Fox equation26) using the
Tg values of tackifier. The closed symbols show the
calculated Tg values for MAM with tackifier RE-650
(l), RE-710 (~), RE-890 (n), and RE-2160 (^). All

Figure 6 Temperature dependencies of storage modulus
(E0) (a) and loss tangent (tan d) (b) for MAM/tackifier RE-
890 system with tackifier contents of 0 (l), 10 (*), 30 (D),
and 50 wt % (h) measured by a dynamic mechanical anal-
ysis at 10 Hz.

Figure 7 Storage modulus (E0) at 25�C (a) and peak tem-
perature of tan d (b) for MAM with tackifier RE-650 (*),
RE-710 (D), RE-890 (h), and RE-2160 (^) measured by a
dynamic mechanical analysis at 10 Hz. The closed symbols
show the Tg values calculated in accordance with the rule
of mixture (Fox equation) using the Tg values of tackifier
for MAM with tackifier RE-650 (l), RE-710 (~), RE-890
(n), and RE-2160 (^).
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actual measured values were higher than the calcu-
lated values. Moreover, the calculated value was large
in order of MAM with RE-2160 > RE-890 > RE-710 >
RE-650, and differed from the order of the actual

measured value. These results are supporting the
aforementioned view that the increase of E0 and Tg at
low temperature is dependent on the morphology
instead of composition.
In our previous study,12 the micronmeter-sized

silica particle-filled MAM was investigated. As a
result, although the silica particles increased E0, they
did not raise Tg. The agglomerates of tackifier act as
filler, and increase E0. Furthermore, when the
agglomerates are nano-size with large interfacial
area like nano-composite and have a large interac-
tion between agglomerates and matrix polymer, the
Tg thought to be rose.
The frequency dependence of E0 for MAM (l) and

MAM/RE-890 blends with tackifier content levels of
10 (*), 30 (D), and 50 wt % (h) can be seen in Fig-
ure 8. Not surprisingly, the frequency dependence of
E0 is similar to the temperature dependence of E0

(Fig. 6). For viscoelastic polymers, a high frequency
is observed at low temperature, while a low fre-
quency is observed at high temperature.
Stress–strain curves for the MAM/tackifier blends

are displayed in Figure 9. Several changes were
noted with an increase in tackifier content. In the

Figure 8 Frequency dependencies of storage modulus
(E0) for MAM/tackifier RE-890 system with tackifier con-
tents of 0 (l), 10 (*), 30 (D), and 50 wt % (h) measured
by a dynamic mechanical analysis. Reference temperature
is 25�C.

Figure 9 Stress–strain curves of MAM with tackifier RE-650 (a), RE-710 (b), RE-890 (c), and RE-2160 (d) measured by a
tensile test with displacement rate of 300 mm min�1.
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MAM/RE-650 blend (a), only the stress decreased.
In the MAM/RE-710 blend (b), the stress also
decreased while the strain increased. This film with
the tackifier content of 50 wt % showed the maxi-
mum strain. In the MAM/RE-890 blend (c), both the
stress and strain increased for tackifier content levels
of 30 and 50 wt %. In the MAM/RE-2160 blend (d),
the strain at maximum stress decreased. It seems
that the maximum stress is related to the amount of
formed several tens nm-sized agglomerates of
tackifier.

The 180� peel strength of the MAM/tackifier
blends for RE-650 (*), RE-710 (D), RE-890 (h), and
RE-2160 (^) can be seen in Figure 10. Failure modes
are indicated as interfacial failure (no mark) and
stick-slip failure ($). For specimens that were
pressed five times using the 2-kg iron-roller (a), the
peel strength increased gradually with an increase
in tackifier content for RE-650 (*), RE-710 (D), and
RE-890 (h). Peel strength also became slightly higher

with an increase in the molecular weight of the
tackifier at content levels below 30 wt %. For the
RE-2160, peel strength increased with an increase of
tackifier content, but decreased for content levels
above 30 wt %. Interestingly, the failure mode
changed from interfacial failure to stick-slip failure
at higher tackifier content, and the tackifier content
level at which the shift in failure mode occurred
decreased to a lower level with an increase in the
molecular weight. These results seem to be caused
by the phase separation of the tackifier. A tackifier
dissolved in the base polymer develops interfacial
wettability by acting as a plasticizer. As the amount
of tackifier separated from the polymer increases,
there is less tackifier in the base polymer to provide
that interfacial wettability.
For the samples that were heated after being

pressed five times (b), the behavior was nearly the
same as those that were not heated (a), but the
overall peel strength was elevated and the tackifier
content at which the failure mode changed from
interfacial failure to stick-slip failure was shifted to a
higher content level. These results were due to the
development of interfacial adhesion through heating
of the samples. The influence of the molecular
weight of the tackifier on the tackiness could not be
determined by the peel strength, however, because
sufficient interfacial adhesion was developed with
pressing alone.
Tack was therefore next evaluated. Pressure-sensi-

tive tack is described as the property of an adhesive
that enables it to form a bond of measurable
strength upon brief contact with another surface
under light pressure.27 In this study, the rolling rate
dependency of tack results measured at various
temperatures were shifted and superposed, and the
master curves were prepared in accordance with the
time–temperature superposition law.19–23 The refer-
ence temperature was 25�C.
The rolling rate dependency of the master curves

for tack values measured for MAM blended with
RE-650 (a), RE-710 (b), RE-890 (c), and RE-2160 (d)
are shown in Figure 11. In these graphs, the failure
modes are indicated as interfacial failure, (^, *, D,
h) and cohesive failure (n). In the MAM/RE-650
blend (a), the tack of MAM (^) increased with an
increase in the rolling rate. Addition of a tackifier
led to an increase in the tack as well as a shift to a
lower rolling rate at which tack began to appear,
with these changes becoming more marked at higher
tackifier content. In addition, tack increased with
cohesive failure and reached a maximum value at a
tackifier content of 50 wt %. After that, tack
remained constant with interfacial failure and
disappeared at higher rolling rates because the
viscoelastic properties of the adhesive changed from
viscous to rubbery to glassy with an increase in the

Figure 10 The 180� peel strength of MAM with tackifier
RE-650 (*), RE-710 (D), RE-890 (h), and RE-2160 (^). The
test specimen was five times pressed with 2-kg iron-roller
(a) and heated (100�C, 2 h) after five times pressing before
peel test (b). Fracture modes are stick-slip failure ($) and
interfacial failure (no mark). Tape width is 25 mm. Peel
rate is 300 mm min�1.

2890 NAKAMURA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



rolling rate. In the MAM/RE-710 (b) and the MAM/
RE-890 (c) blends, this behavior was more marked
and the rolling rate at which tack began to appear
shifted to lower rates with an increase in molecular
weight of the tackifier. Furthermore, the rolling rate
at which tack disappeared at the tackifier content of
50 wt % also shifted to lower rates with increasing
molecular weight of the tackifier. The MAM/RE-
2160 blend (d), however, exhibited lower tack, and
the rolling rate at which the tack began to appear
shifted to a higher rate. The highest tack at a tacki-
fier content level of 50 wt % was observed for the
MAM/RE-710 blend (b). That is, the lowest rolling
rate at which tack began to appear and the maxi-
mum tack were observed in the different tackifier
systems.

The effect of tackifier content on the rolling rate at
which tack begins to appear is shown in Figure 12.
The rolling rate shifted to a lower rate with an
increase in the tackifier content and molecular
weight of the tackifier for RE-650 (*), RE-710 (D),
and RE-890 (h). The effect was, however, reduced
for RE-2160 (^). The observed behavior was similar
to those for E0 at 25�C and Tg shown in Figure 7.

The compatibility of the tackifier and the base
polymer seems to affect the E0, the Tg and the rolling
rate at which tack begins to appear as follows. The
dissolved tackifier molecules in the base polymer act

Figure 11 Tack versus rolling rate for MAM with tackifier RE-650 (a), RE-710 (b), RE-890 (c), and RE-2160 (d) with tacki-
fier contents of 0 (^), 10 (*), 30 (D), and 50 wt % (h) measured by a rolling cylinder tack tester. Failure modes are inter-
facial failure (^, *, D, h) and cohesive failure (n). The master curves were made in accordance with the time-
temperature superposition law. Reference temperature is 25�C. Cylinder width is 20 mm.

Figure 12 Rolling rate that tack began to be measured
versus tackifier content for MAM with tackifier RE-650
(*), RE-710 (D), RE-890 (h), and RE-2160 (^).
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as a plasticizer and develop molecular mobility,
namely interfacial adhesion, and thus the value of E0

decreases. The agglomerates of the tackifier, how-
ever, act as a filler and thus increase the value of E0.
The number of agglomerates on the order of several
tens of nanometers in size increased with an increase
in the molecular weight of the RE-650, RE-710, and
RE-890 tackifiers. As the agglomerates increased, the
amount of dissolved tackifier in the base polymer
decreased accordingly. The compatibility was lowest
in the RE-2160 blend, with the agglomerates reach-
ing micrometer size at 50 wt % tackifier. Because of
the smaller total surface area of these agglomerates,
their effect on E0 and Tg decreased.

As mentioned above, the highest tack at a tackifier
content of 50 wt % was observed in the MAM/RE-
710 blend (b) in Figure 9. In the rolling cylinder tack
test, stringiness of the adhesive was expected to
occur as shown in Figure 13, but this behavior could
not be observed directly with the apparatus used in
this study. The diameter of the cylinder is ten mm
and the thickness of the adhesive layer is about 60
lm (Fig. 2). If the stringiness occurs in the center
angle range of 45� as shown in Figure 13, an elonga-
tion of 2400% at the front edge of the stringiness
would be required. The greatest elongation was
observed for the RE-710 blend at a tackifier content
of 50 wt % as shown in Figure 9(b). Therefore, this
system showed the highest tack, as can be seen in
Figure 11(b). The second greatest elongation was
observed for the RE-890 blend at a tackifier content
of 50 wt %, but this system showed a higher initial
elastic modulus [Fig. 9(c)], which seems to lower the
interfacial adhesion. If interfacial adhesion is suffi-
cient, a higher elongation of the adhesive would be
expected to aid in development of the tack value. It
was found that the stress-strain curves of adhesives
are an important tool for estimating tack. This fact
shows the loss modulus (D) affects on tack as
explained by Tse15 and Yang16 in eq. (1). The contri-

bution of loss modulus to the adhesion properties
will be discussed in our next study by observing the
deformation behavior of adhesive at tack test.

CONCLUSIONS

The effects of the compatibility of MAM/tackifier
blends on the phase structure of the tackifier and
the adhesion properties of the blends were investi-
gated. Special rosin ester resins with different
weight-average molecular weights of 650, 710, 890,
and 2160 were used as the tackifiers. Tack was
measured with a rolling cylinder tack tester over
wide temperature and rolling rate ranges, and mas-
ter curves were prepared in accordance with the
time-temperature superposition law. The following
results were obtained.

1. The compatibility of MAM/tackifier blends
decreased with an increase in the molecular
weight of the tackifier. Further, the number of
formed agglomerates of the tackifier with sizes
on the order of several tens of nanometers
increased with increasing tackifier content and
molecular weight of the tackifier in the range
from 650 to 890. For the tackifier with a molecular
weight of 2160, micrometer-sized agglomerates
were observed at a tackifier content of 50 wt %.

2. The Tg and the E0 at low temperature increased
by with the addition of a tackifier, and these
effects became more remarkable pronounced
with an increase in the molecular weight of the
tackifier and the tackifier content in the molec-
ular weight range from 650 to 890. These
effects, however, were lower in the case of the
tackifier with a molecular weight of 2160.

3. The rolling rate at which the tack begins to
appear shifted to a lower rate with an increase in
the molecular weight of the tackifier and was
lowest for the tackifier with a molecular weight
of 890. Again, this effect was lower in the case of
the tackifier with a molecular weight of 2160.

4. It was estimated that the dissolved tackifier
molecules in the base polymer develop molecu-
lar mobility, namely interfacial adhesion, and
the agglomerates of the tackifier with a size on
the order of several tens of nanometers increase
the E0 and Tg. In the case of the tackifier with a
molecular weight of 2160, the increase in the
values of E0 and Tg is less because of the larger
size, and thus the smaller total surface area of
the agglomerates.

5. The greater elongation of an adhesive improves
the maximum value of its tack.

The authors are grateful to Sekisui Chemical (Tokyo, Osaka,
Japan) for borrowing the rolling tack tester and Kuraray

Figure 13 Schematic view of the stringiness occurred
during rolling cylinder tack test.
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(Tokyo, Japan) for TEM observation and the kind donation of
the acrylic block copolymer. Arakawa Chemical Industries
(Osaka, Japan) is thanked for the kind donation of the
tackifier.

References

1. Kraus, G.; Rollman, K. W.; Gray, R. A. J Adhesion 1979, 10,
221.

2. Class, J. B.; Chu, S. G. J Appl Polym Sci 1985, 30, 805.
3. Hino, K.; Ito, T.; Toyama, M.; Hashimoto, H. J Appl Polym Sci

1975, 19, 2879.
4. Wetzel, F. H.; Rubber Age 1957, 82, 291.
5. Wetzel, F. H.; Alexander, B. B. Adhesives Age 1964, 7, 28.
6. Hock, C. W. J Polym Sci C 1963, 3, 139.
7. Aubrey, D. W. Rubber Chem Technol 1988, 61, 448.
8. Sherriff, M.; Knibbs, R. W.; Langley, P. G. J Appl Polym Sci

1973, 17, 3423.
9. Kim, H.-J.; Mizumachi, H. J Appl Polym Sci 1995, 56, 201.

10. Sasaki, M.; Nakamura, Y.; Fujita, K.; Kinugawa, Y.; Iida, T.;
Urahama, Y. J Adhes Sci Technol 2006, 19, 1445.

11. Sasaki, M.; Fujita, K.; Adachi, M.; Fujii, S.; Nakamura, Y.;
Urahama, Y. Int J Adhes Adhes 2008, 28, 372.

12. Nakamura, Y.; Sakai, Y.; Adachi, M.; Fujii, S.; Sasaki, M.;
Urahama, Y. J Adhes Sci Technol 2008, 22, 1313.

13. Nakamura, Y.; Adachi, M.; Tachibana, Y.; Sakai, Y.; Nakano, S.;
Fujii, S.; Sasaki, M.; Urahama, Y. Int J Adhes Adhes 2009, 29, 806.

14. Nakamura, Y.; Adachi, M.; Ito, K.; Kato, Y.; Fujii, S.; Sasaki,
M.; Urahama, Y.; Sakurai, S. J Appl Polym Sci 2011, 120, 2251.

15. Tse, M. F. J Adhes Sci Technol 1989, 3, 551.
16. Yang, H. W. H. J Appl Polym Sci 1995, 55, 645.
17. Lindner, A.; Maevis, T.; Brummer, R.; Luhmann, B.; Creton, C.

Langmuir 2004, 20, 9156.
18. Creton, C.; Hooker, J.; Shull, K. R. Langmuir 2001, 17, 4948.
19. Tobolsky, A. V.; Andrews, R. D. J Chem Phys 1943, 11, 125.
20. Ferry, J. D. J Am Chem Soc 1950, 72, 3746.
21. Dahlquist, C. A.; Hatfield, M. R. J Colloid Sci 1952, 7, 253.
22. Rouse, P. E., Jr. J Chem Phys 1953, 21, 1272.
23. Ferry, J. D. Viscoelastic Properties of Polymers, 3rd ed.; Wiley:

New York, 1980.
24. Hamada, K.; Morishita, Y.; Ishiura, K. Proceedings of the

30th Annual Meeting of the Adhesion Society, Tampa, FL, 2007;
p 307.

25. Matsen, M. W.; Bates, F. S. Macromolecules 1996, 29, 1091.
26. Fox, T. G. Bull Am Phys Soc 1956, 1, 123.
27. Dahlquist, C. A. In Treatise on Adhesion and Adhesives 2; 2

Patrick, R. L., Ed.; Dekker: New York, 1967; p 219.

COMPATIBILITY OF A TACKIFIER 2893

Journal of Applied Polymer Science DOI 10.1002/app


