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Abstract

The adhesion and viscoelastic properties, and the order-to-disorder transition tempé&igggrevére investigated for the mixture of

polydiene-based block copolymers/hydrogenated aromatic resins (HRs) with various degrees of hydrogenation (DHs). The block copolymers

employed were commercially available ones: (1) polystyreloekpolybutadieneslock-polystyrene (SBS) copolymer (Kraton D1102;
Shell Development Co.); and (2) polystyrebleckpolyisoprenedlock-polystyrene (SIS) copolymer (Vector 4211; Dexco Co.). HRs

with various DHs were synthesized via the hydrogenation of an aromatic C-9 hydrocarbon resin by monitoring the amounts of hydrogen

added and the reaction times.

We found that viscoelastic properties, such as plateau modulus and glass transition, depend predominantly on the miscibility between
polystyrene (PS) block and HRs as well as that between polybutadiene (PB) (or polyisoprene (Pl)) block and HRs, which in turn are strongly
affected by the DH in an HR. At lower values of DH, HRs are associated with PS end block; thus tack properties become negligible, although

the plateau modulus increases greatly.

The tack properties depended remarkably on the miscibility between HRs and elastomeric mid-block in the block copolymers. With

increasing DH, tack properties of the mixture of Kraton D1102/HRs increased up te DF, reached a maximum at DH 0.7 and finally
decreased. However, tack properties of the mixture of Vector 4211/HRs increased steadily ug-t0.881 which is the largest value in this

study. This is because the miscibility between PI block and HR increases steadily with increasing DH, which is explained by the difference in

the solubility parameter.

When the weight fraction of HRs is less than 0.5, Tags of the mixture having either Kraton D1102 or Vector 4211 and HR always
decreased with the increasing amount of HR due to the lower molecular weight of HR. Interestinglys-thef both the mixture systems
was the smallest at DH 0.3 when the weight fractions of HR in the mixture were 0.1 and @2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction derivatives of C-5 and C-9 resins, and rosin derivatives,
are added to elastomers [1]. Readers are referred to the
Various kinds of elastomers based on polydiene-basedrecent monograph [2] in order to understand in detail tack-
block copolymers, e.g. polystyretdeckpolyisoprene- ifying resins and PSAs.
block-polystyrene (SIS) copolymer and polystyrenleck According to ASTM D1878, tack in PSAs is defined by
polybutadienéblock-polystyrene (SBS) copolymer, have “the property of a material that enables it to form a bond of
been widely used for pressure-sensitive adhesives (PSAsmeasurable strength immediately upon contact with another
and hot-melt adhesives. Owing to poorer tack properties of surface”. The tack of a mixture of a block copolymer and a
elastomers themselves, ‘tackifying resins’, for instance, tackifying resin depends predominantly on the wettability
aliphatic C-5 resins, aromatic C-9 resins, hydrogenated onto the substrate and the debonding force from the
substrate. The wettability would be a function of the surface
m author. Tel.:82-562-279-2276; fax:-+82-562-279- roughness and platealé modulus of the 'mixture. The smaller
8208, the plateau moduluéGy mixwure) Of the mixture of a block
E-mail addressjkkim@postech.ac.kr (J.K. Kim). copolymer and a tackifying resin, the easier the blend wets
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Table 1
The molecular characteristics of block copolymers employed in this study
Sample code Block Molecular M/M,? wt% of PS block Microstructure of diene block (mol%)
weight (x 10%?
1,2 3,4 trans1,4 cis-1,4
Kraton D1102 9.0S-45B-9.0S 1.%0 28.6 9.9 - 42.9 47.2
Vector 4211 11.3S-52.41-11.3S 1.16 30.0 - 7.4 237 68.9

2Weight-average molecular weight determined by a lower angle laser light scattering apparatus and nmr spectroscopy.
® Determined by GPC.

¢ Determined by"H NMR spectrocopy.

4The broad molecular distribution is due to the existence of about 20 wt% of uncoupled diblock.

on the substrate. According to the Dahlquist criterion [3], PB and PS homopolymers. It was found that an HR has best
G%,mixture should be less than approximately<a0® Pa in miscibility with PB homopolymer at a DH- 0.7 and that
order to exhibit good tack. However, the lower plateau the tack properties exhibited the largest, which suggests that
modulus is not alone sufficient for exhibiting higher tack, tack depended directly upon the miscibility between HR and
because the debonding force would be very small for this PB. In this paper, we have investigated in detail adhesion
case. Thus, one must have PSAs showing a larger dissipatproperties of the mixtures of SBS/HRs and SIS/HRs with
ing energy at the debonding step. various DHs, and these properties are discussed with viscoe-

It has been reported that the tack properties and thelastic properties of the mixtures. Also, the order-to-disorder
performance of adhesive in a PSA depend upon the bulktransition temperature of those blends was investigated.
viscoelastic properties of PSA [4-7] as well as the misci-
bility between the constituent components of PSA [8—13].
According to Akiyama and coworkers [8—10], the most
favorable miscibility between PB copolymer consisting of
1,2 and 1,4 microstructures and terpene resins (or their
hydrogenated ones) was observed when the mole fraction
of 1,2-microstructure in the PB copolymer wa$.5. Fujita
etal. [11-13] and Hayashi et al. [14—16] reported the effects
of miscibility on the peel strength and the tack property of
natural rubber, and acrylic based PSAs, respectively. The
miscible systems exhibit higher peel strength and tack value
compared with immiscible ones.

The miscibility between an elastomer and a tackifying
resin can be expressed with the interaction parameter
depending on temperature and molecular weight. When
tackifying resins with different chemical structures and
different molecular weights are employed in PSAs, each
effect on the miscibility, which in turn affects tack proper-
ties of PSAs, is not independently investigated. In order to
investigate each effect independently, tackifying resins
having different molecular structures but the same molecu-
lar weight (or vice versa) can be selected. One candidate of
this purpose is the partially hydrogenated aromatic resins
with various degrees of hydrogenation (DHs). In this situa-
tion, the miscibility between a block copolymer and aresin 5 5 Rheological properties
is varied with DH. Similar approach was carried out very
recently by Hashimoto et al. [17] who employed the mixture ~ The samples were prepared by dissolving a predeter-
of an Sl block copolymer and another block copolymer mined amount of a block copolymer and an HR in toluene
consisting of PS block and partially hydrogenated PI inthe presence of an antioxidant (Irganox1010, Ciba—Geigy
(HPI) or fully hydrogenated Pl (PEP). As DH increased, Group). The solvent was slowly removed in a fume hood at
the miscibility between PEP block and HPI increased; room temperature for a week, then completely removed in a
thus the mixture does not show a macrophase separation. vacuum oven at 6% for three days.

In the former paper [18], we investigated the miscibility Dynamic temperature sweep experiments from-c€410
of hydrogenated aromatic C-9 hydrocarbon resin (HR) with to 14C0C at a heating rate of@/min were performed using

2. Experimental section
2.1. Materials

The block copolymers used in this study were commer-
cially available ones: (1) SBS copolymer (Kraton D1102;
Shell Development Co.); and (2) SIS copolymer (Vector
4211; Dexco Co.). The weight average molecular weight
(M,y) and the molecular weight distributiaiv,,/M,,) were
determined by low angle laser light scattering method, and
gel permeation chromatography (GPC, Waters Co.) on the
basis of the calibration curve made by polystyrene stan-
dards, respectively. The molecular characteristics of the
block copolymers are summarized in Table 1. The weight
fraction of the PS block in two block copolymers and micro-
structures of polydiene blocks were measured by nuclear
magnetic resonance spectroscopy (Brucker DRX 500). It
is seen in Table 1 that the weight fraction of PS block in
Kraton D1102 is almost the same as that in Vector 4111.

The details for the molecular characteristics of C-9 resin
and the hydrogenation reaction of C-9 resin were described
in the former paper [18].
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Fig. 1. Plot of logG' (filled symbols) and tad (open symbols) versus
temperature for Kraton D1102/neat C-9 resin. Weight fractions of Kraton
D1102 in the mixture are ®,0) 1.0; (A,A) 0.7, @,0) 0.5; and ¥,V) 0.3.

a Rheometrics Dynamic Spectrometer (RDS-Il, Rheo-
metrics) in the parallel plates mode of 8 mm diameter.
The angular frequencyw() and strain amplitudey;) were

4211/HRs is determined as the temperature where a rapid
drop was observed in storage modul@)(during heating

run at a heating rate of°C/min, w = 0.2 rads andy, =

5%. These conditions lie in the linear viscoelastic regime.

2.3. Adhesion properties

The adhesive layer consisting of various blend composi-
tions of a block copolymer and a tackifying resin was
prepared by solution coating (50wt% in solid in toluene)
onto a poly(ethylene terephthalate) backing film having a
thickness of 52um, followed by the quick removal of the
solvent using a convection oven at 2G0for 5 min. The
complete removal of the solvent was carried out in a fume
hood at room temperature for 5 days. The thickness of the
adhesive layer is 15Qm for the probe tack test and 20n
for the peel adhesion test. According to ASTM D2979, we
employed the probe tack tester (TE6002, Sangyo Co.),
which is regarded as being one of the most reliable methods
as described in the former paper [18].

Peel strength was evaluated by measuring the tensional
force required for the removal of the PSA film toward 180
from an adherent according to ASTM D903, PSTC-1. (Pres-
sure-Sensitive Tape Council). This experiment was
performed with the 25 mm width of a specimen at the
cross-head speed of 300 mm/min. The sample for measuring
peel strength was annealed at@dor 10 min after it was

10 rad/s and 0.3—3%, respectively. The sample gap betweerapplied to the stainless steel substrate with a surface rough-

the plates was ca. 1.5 mm.

ness height of 0.0pm (SUS 304) using a standard hand-

Using an Advanced Rheometrics Expansion System roller of 2 kg. All experiments were carried out at 23

(ARES, Rheometrics) in the parallel plate mode of 25 mm

diameter, the order-to-disorder transition temperature

(Topr) for the mixtures of Kraton D1102/HRs and Vector
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Fig. 2. Plot of logG’ (filled symbols) and ta@ (open symbols) versus
temperature for Kraton D1102/HR-298. Weight fractions of Kraton
D1102 in the mixture are ®,0) 1.0; (A,A) 0.7; @,J) 0.5; and ¥,V) 0.3.

0.5°C and a relative humidity of ca. 40%.
2.4. Synchrotron small angle X-ray scattering

The SAXS measurements with synchrotron radiation
sources were conducted at the 3C2 beam line in the Pohang
Light Source (PLS), Korea [19,20]. The primary beam was
monochromatized with a couple of Si(111) single crystals at
a wavelength of 0.1598 nm (the photon energy of X-ray is
7.76 keV), and then it was focused on a detector plane by a
bent cylindrical mirror. An one-dimensional position-sensi-
tive detector (Diode-Array PSD; Princeton Instruments Inc.;
Model ST-120) with a distance of each diode of2H was
used. The sample thickness was 1 mm. After annealing a
specimen having either Kraton D1102 or Vector 4211 and
HRs at caTopr — 40°C for 10 min, SAXS profiles of the
specimen were measured at various temperatures up to ca.
Topt + 30°C during heating at a rate ofG/min.

The predetermined value dbpr of a specimen, which
was measured by temperature sweep experime® oés
described in the previous section, was used as a reference.
The exposure time at each measurement was 10s. We
subtracted the scattering intensity of an empty cell with
two pieces of thin polyimide (Kapton) films from that of
the samples by taking into account the transmittance of
X-rays through the samples. A contribution of the thermal
diffuse scattering (TDS) arising from the density fluctuations
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100 3. Results and discussion
e 10° 3.1. Viscoelastic properties for the mixtures of block
& 107 copolymers and HRs
O 1P ~_o_ —_— 3.1.1. Kraton D1102/HRs
105 ES0 . ;7 Temperature sweep experiments of B@nd tand are
2 . 7 given in Fig. 1 for the mixtures of Kraton D1102/neat C-9
Iy - resin. Those plots for Kraton D1102/HR-298, Kraton
g 27 D1102/HR-699 and Kraton D1102/HR-951 systems are
given in Figs. 2—4, respectively. The plateau modulus
10° F (Gmixture) Of €ach blend system was evaluated by Gfe
0w : value at tars,,,. However, when taw,,;, was not clearly
S 10k observedG,?,’miXture was taken a§&’ at T = (TgL + Tgr)/2.
= : Here, Ty, and Ty, at which each tad becomes a maxi-
F mum, correspond to the glass transition of the mid-block
102 —

phase and the end-block phase, respectively. The plots of
Tq and Ty versus the amount of HR are added in the inset
of each figure. Also, the predictefiys are given as the
upper dashed line in the inset, using the assumption that
HRs were associated entirely with PS end-block in the
block copolymer. The predictedys are given as the
lower dashed line in the inset, using the assumption that
HRs were associated entirely with PB mid-block in the

was further subtracted. We approximated that the intensity Plock copolymer. TheT, of the mixture consisting of a
at the highq region, where the scattering intensity is in- block copolymer and a tackifying resin can be predicted
dependent ofy, is identical to the intensity level of TDS. DY the Fox equation [21]:

Here, q is the magnitude of the scattering vectar= UTgm = W/ Tga + W/ Typ 1)
(4m/A) sin(6/2), where A and 6 are the wavelength of the

X-rays and the scattering angle, respectively. The obtainedWhereTym Ty o Ty are the glass transition temperatures for

scattering intensities were not converted to absolute units. the mixture and each constituent component, &nandw
are the weight fractions of constituent components. For the

calculation ofTy, w, is the weight fraction of the PB (or PI)
block in total rubberic phase ang,, = T, of PB (or PI),
Tgp = Ty of an HR. Thusw,(= 1 — w,) is given by

Wo = 1/[1 + pp(1 = $)/(pa(1 — )] 3]

wherep, and p, are the densities of PB (or PI) mid-block
and HR, respectivelyf the volume fraction of PS block in
the block copolymer ang is the volume fraction of a block
copolymer in the mixture. The values Bfof neat C-9 resin,
HR-299, HR-699, and HR-951 were 58, 62, 61, and®6
(£2°C), respectively.

It can be seen in Fig. 1 that for the mixture of Kraton
D1102/neat C-9 resirﬁﬁ,mixture increased with the increas-
ing amount of neat C-9 resin. THg, corresponding to the
PB block phase in the mixture was slightly shifted toward
higher temperature, while thg, 4 corresponding to the PS
block phase in the mixture decreased gradually as the
amount of neat C-9 resin increased. It is also seen in the
inset of Fig. 1 that the experimentally obtaindq s
deviated from the prediction given by Eq. (1), while the
experimentally obtainedy s were close to the prediction.
These results imply that the neat C-9 resin was more misci-
ble with the PS block than with the PB block in Kraton
D1102. In a former paper [18], we clearly showed that
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Fig. 3. Plot of logG’ (filled symbols) and ta@ (open symbols) versus

temperature for Kraton D1102/HR-699. Weight fractions of Kraton
D1102 in the mixture are ®,0) 1.0; (A,A) 0.7; @,0J) 0.5; and ¥,V) 0.3.
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Fig. 4. Plot of logG' (filled symbols) and ta@ (open symbols) versus
temperature for Kraton D1102/HR-951. Weight fractions of Kraton
D1102 in the mixture are ®,0) 1.0; (A,A) 0.7; @,0J) 0.5; and ¥,V) 0.3.
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Fig. 5. Field emission SEM images for (a) (50/50)(wt/wt) Kraton D1102/
HR-951 blend, (b) (30/70)(wt/wt) Kraton D1102/HR-951 blend.
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Fig. 6. Plot of logG’ (filled symbols) and tars (open symbols) versus
temperature for Vector 4211/HR-699. Weight fractions of Vector 4211 in
the mixture are: @,0) 1.0; (A,A) 0.7; @) 0.5; and ¥,V) 0.3.
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neat C-9 resin was completely miscible with PS even if
the molecular weight of PS was as high as three
millions. However, the mixture of PB and neat C-9 resin
showed a phase diagram with the upper critical solution
temperature.

For Kraton D1102/HR-298 blen(ﬁ%,mixwre increased
with the increasing amount of HR-298 as given in Fig. 2,
which is similar to the behavior of Kraton D1102/neat C-9
resin blend. For the 70/30 (wt/wt) Kraton D1102/HR-298
blend, Ty, andTy, were shifted toward higher temperature
and lower temperature compared witgs of PB and PS
block. This suggests that HR-298 could be miscible with
both the PB and the PS block in Kraton D1102 because of
the low molecular weight of the PB block. But, from Ref.
[18], the miscibility between HR-298 and PS was better than
that between HR-298 and PB. For the 50/50 (wt/wt) Kraton
D1102/HR-298 blend, two broad peaks in @&nwere
observed. However, when the amount of HR-298 was
further increased to 70%, this blend exhibited only one
single T,. From the results given in Figs. 1 and 2, it is
concluded that the miscibility between HR-298 and the
PB block is better than that between neat C-9 resin and
the PB block in Kraton D1102.

It can be seen in Fig. 3 for Kraton D1102/HR-699 blend
tha’[G&,]r,i)(ture decreased with the increasing amount of HR-
699, which is of an opposite trend to the Kraton D1102/neat
C-9 resin and Kraton D1102/HR-298 systeriiig, s of all
compositions were shifted toward higher temperature over
the range investigated. AlS of the 70/30 (wt/wt) SBS/
HR-699 blend was a little shifted towards lower tempera-
ture. But, Ty, of the blend with more than 50% of HR-699 in
a blend was not detected. Interestingly, from the inset of Fig.
3, experimentally determinedy s were larger than the
predictions. This is because of the fact that when the weight
fraction of HR-699 in the mixture is larger than 0.5, micro-
phase-separated PS domains do not exist anymore, as found
by the SAXS measurement [22]. Thdg, of the blend was
affected by the presence of PS chains with highgimply-
ing that an increase ifi, . would be larger than the predicted
value.

From Fig. 4, we noted that the addition of HR-951
decreased:;&mixture of the Kraton D1102/HR-951 blend
with less than 50% of HR-951, but it increased with a further
increase in the amount of HR-951. There are two possible
reasons why the modulus of the mixtures increased with an
increasing amount of tackifying resin: one is that the tack-
ifying resin is miscible with the PS end-block in the block
copolymer, as shown in Figs. 1 and 2, and the other is that
the tackifying resin forms a macroscopically separated
phase. From the inset in Fig. 4, tWig, s are observed for
the blends with more than 50% of HR-951 although the
lower one marked by the arrow in ta@nis not distinct.
But, 50/50 (wt/wt) Kraton D1102/HR-951 blend showed
clearly a macrophase separation, as shown in Fig. 5. The
domain size of this blend was cap2n, which is ca. 6 times
smaller than that for 30/70 (wt/wt) Kraton D1102/HR-951
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10° 3.1.2. Vector 4211/HR resin systems
Temperature sweep experiments of Bgand tand are

e given in Figs. 6 and 7 for the mixtures of Vector 4211/HR-
& 107 699 and Vector 4211/HR-951, respectively. The tempera-
g ture sweep experiments @' for the mixtures of Vector

O 10 T 4211/neat C-9 resin and Vector 4111/HR-298 blend are

108 b ~2 \-ﬁ not shown here due to the space limit. But, B nixure
T of two mixtures increased with an increasing amount of neat
< d ~ C-9 resin or HR-298. The behaviors 6f and tané for the
mixtures of Vector 4211/neat C-9 resin, and Vector 4211/
HR-298 blend are similar to those for Kraton D1102/neat C-
9 resin (Fig. 1), and Kraton D1102/HR-298 (Fig. 2), respec-
tively. Also, GR,,mixtu,e of Vector 4211 is about 3 times lower
than that of neat Kraton D1102, becaud@® of PI homo-
polymer is about 3 times lower than that of the PB homo-
polymer and very similar volume fractions of the PS block
between the two block copolymers. However, for mixtures
of Vector 4211/neat C-9 resin as the amount of neat C-9
Temperature (°C) resin increased,T;;s was hardly shifted toward high
temperature, whildy was shifted gradually toward lower
Fig. 7. Plot of logG’ (filled symbols) and ta@ (open symbols) versus  temperature. These results led us to conclude that the misci-
temperature for Vector 4211/HR-951. Weight fractions of Vector 4211 in b|||ty between the PB block and neat C-9 resin is better than
the mixture are:@,0) 1.0; (4,4) 0.7; @) 0.5, and ¥, V) 0.3. that between the PI block and neat C-9 resin. This is attributed
to the fact that the difference in the solubility parame&if
blend. Thus, compared with the latter blend, some of HR- (J/cnt)™? between PI and neat C-9 is 2.67, which is larger
951 in the former would be associated with the PB block in than that (1.67) between PB and neat C-9. Previously, using
Kraton D1102; thuﬁﬁ,’mixture is not increased drastically. Hoy’s group contribution method [23], we reported that
But, this value was 38x 10°Pa which is larger than that 1829 for PB,5 = 17.29 for PI,6 = 19.35 for PS,5 = 19.96
(2.69% 10°) of 50/50 (wt/wt) Kraton D1102/HR-699 (see for neat C-9 resin, and = 17.85 for HR-1000, respectively
Fig. 3). Further,Tyys do not change with an increasing [18]. Notice that the values &f for PB and PI are estimated
amount of HR-951. This implies that the miscibility usingthe linear combination of each microstructure in PB and
between the PS block and HR-951 is quite poor comparedPI. Further, the miscibility between the PS block in Kraton
with that between the PS block and HR-699. Also, the D1102 and neat C-9 resin seems to be better than that between
miscibility between the PB block and HR-951 is not good. the PSblockinVector4211 and neat C-9resin, becauddthe
As discussed in the former paper [18], the favorable inter- of PS block in the former is 1.2 times smaller than that in the
action between PB and HR is not always increased with latter (see Table 1).
increasing DH, rather the most favorable miscibility It can be seen in Fig. 6 for Vector 4211/HR-699 blend that
between PB and HR is found at DH 0.7. Therefore, G(,i,,mixtu,e decreased with increasing amount of HR-699.
for the Kraton D1102/HR-951 system, the miscibility T, s were shifted toward higher temperature over the
between the PB block and HR-951 and that between range investigated. Buly of 70/30 (wt/wt) blend compo-
the PS block and HR-951 is poor, although the misci- sition was a little shifted toward lower temperature, but no
bility of the former seems to be better compared with peak was detected when the weight fraction of HR-699 in
the latter system. Thus, macrophase separation occurredhe mixture was larger than 0.5. This behavior is very simi-
for this system, as shown in Fig. 5. Here, we just larto the Kraton D1102/HR-699 system (Fig. 3). Therefore,
demonstrate the existence of macrophase separatiorwhen DH is about 0.7, the miscibility between HR and PS
using a field emission scanning electron microscope (Hita- block in Vector 4211 is much poorer than that between HR
chi S4200). The details of the microdomain structures in and PI (or PB) block.
the matrix taken by TEM are discussed in a separate paper From Fig. 7, G&mixture gradually decreased with
[22]. increasing amount of HR-951, which is a similar behavior
On the basis of the results given in Figs. 1-4, it was in Vector 4211/HR-699 blend; also, thg, behavior of
concluded that the miscibility between HRs and the PS Vector 4211/HR-951 blend was very similar to that of
block in Kraton D1102 decreased steadily with the increas- Vector 4211/HR-699 blend. HoweveT,, of 70/30 (wt/
ing DH, while the miscibility between HRs and the PB wt) Vector 4211/HR-951 blend was a little higher than
block increased up to DH- 0.7 but decreased with further  that of 70/30 (wt/wt) Vector 4211/HR-699 blend, because
increasing DH. This is in excellent agreement with the the miscibility between PS block and HR decreased with
turbidity result demonstrated in Ref. [18]. increasing DH.

tan &

-80 -60 40 -20 0O 20 40 60 80 100 120
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— exhibits a maximum at DH-0.7. Also, the miscibility
= between PS and HR is gradually reduced with increasing
- 10°F DH.
b It is noted from Figs. 6 and 7 that when the weight frac-
b4 tion of HR-699 (or HR-951) in the mixture is larger than 0.5,
) Slope = 2.2 only a singleT, corresponding td, is observed, and the
Py experimental values dfy, are higher than that predicted by
= the Fox equation. This is a similar phenomenon in the
é’ Kraton D1102/HR-699 system (seen Fig. 3). As explained
= 10" previously, this is because of the fact that when the weight
CKO_ fraction of HR-699 in the mixture is larger than 0.5, micro-
= Slope = 2.8 phase-separated PS domains do not exist anymore, as found

£ by the SAXS measurement [22]. Th{g,. of the blend was
‘g affected by the presence of PS chains with highgimply-
g ing thatT,, would be larger than the predicted value shown
o R . . . L in the inset.

10 03 05 07 1 Now, we consideiGy mixwre Of Kraton D1102/HR-699,

Vector 4211/HR-699, and Vector 4211/HR-951 blend
depending upon the volume fraction of the block copolymer

. , » (¢) in the mixture. The plateau modulus of the elastomeric
Fig. 8. Plots ofG'(tandn)/(pRT/Mg)(1 + 2.5f ¢ + 14.1(f p)°) versus the 0 . .
volume fraction of the polydiene blockp() in the mid-block associated phaseGN»mbftur_e In the_ mIXFure of SIS (or SBS)_ copolymer
phase for the mixtures o#() Kraton D1102/HR-699;®) Vector 4211/HR- and a tackifying resin with the volume fraction of block
699; (A) Vector 4211/HR-95. copolymer¢ can be predicted as follows. The polystyrene
microdomains in the block copolymer may be regarded as a
This behavior is quite different compared with Kraton filler dispersed in a continuous elastomeric matrix, Holden
D1102/HR-951 (see Fig. 4), where the macrophase separa{24] estimated Gﬁ,lbbck for A-B-A triblock copolymer
tion occurred when the weight fraction of HR-951 in the systems:
mixture was higher than 0.5. This different behavior )
between Vector 4211 and Kraton D1102 is also explained GN.block = (PRT/Mg)(1 + 2.5f + 14.1f%) ©)
by the solubility p.arameter difference between PI and HR- where M, is the entanglement molecular weight of poly-
951 compared with PB and HR-951. In other words, the diene block (PI or PB)p the density of the polymer, R

miscibility between Pl and HR is gradually increased with ¢ niversal gas constant, ahis the absolute temperature.
the increasing DH; however, that between PB and HR When a tackifying resin is regarded as a diluent, the plateau
modulus of the mixture scales as [25]:

¢' (volume fraction)

1200

G&,mixture = ((l,’l)a(GRI,block)/ 4
1000 L | ® neatc- Where(G%,b|ock)’ is the plateau modulus of the block copo-
: ::;gi \ lymer in th_e presence of a tackifying_ resin and giv_en by Eq.
= —v— HR-385 (3) whenf is replaced byi¢. The scaling constant in Eq.
E 8o |78 HRas \ (3) has a value between 2.25 and 2.5 [25]. Hefejs the
K= —A— HR-699 \ volume fraction of the polydiene block in the mid-block
—O— HR-759 / \ i is ai — (1 — —
% 600 bl \ associated phase, and is given be/ 1 -Hp/(d — o).
g When a clear plateau region in the temperature sweep
o experiment ofG’ is not observedGﬁ,miXture of the mixture
g 400 can be determined by th@®' value at the minimum value of
o the loss tangent (tad,i,) [26].
From the above two equationc'a‘?miXture is given by:
200
GRimixture = G'(tan 8min) = (") (pRT/Me)
0 2
00 0.1 02 03 04 05 06 07 X1+ 2504+ 141 (1 ¢)) ©)

Weight fraction of HR In deriving Eq. (5), it is assumed that all of the tackifying
resins should be associated with the polydiene phase of the
Fig. 9. Probe tack versus weight fraction of HR resins for the blends of block copolymer. This assumption would be valid for the
Kraton D1102/HRs with various DHs. three blend systems (namely, Kraton D1102/HR-699,
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Fig. 10. (a) Probe tack versus DH for (60/40) (wt/wt) Kraton D1102/HRs
blends. (b) Probe tack versus DH for (70/30) (wt/wt) Vector 4211/HRs
blends.
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Fig. 11. Probe tack versus weight fraction of HR resins for the blends of
Vector 4211/HRs with various DHs.
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Fig. 12. Peel strength versus weight fraction of HRs with various DHs for
(a) Kraton D1102/HRs and (b) Vector 4211/HRs.

Vector 4211/HR-699, and Vector 4211/HR-951), where the
miscibility between PB (or PI) and each HR is much better
than that between PS and corresponding HR. It is seen from
Fig. 8 that the behavior oGﬁ,,mixture was successfully
described by Eq. (5) with the exponemt= 2.2 for Vector
4211/HR-699 and Vector 4211/HR-951, and= 2.8 for
Kraton D1102/HR-699. Here, we usdd, of PB= 1543
andM, of Pl = 5097 [27]. Thus, the values @&’ (tan &)

for neat block copolymers are slightly larger than the
predicted ones using Eq. (4) wit#h' = 1. A large « for
Kraton D1102/HR-699 system compared with two other
systems is attributed to the fact that the amount of HR-
699 being associated with the PB block in Kraton D1102
is smaller than that with the PI block in Vector 4211 due to
the smaller PS block in Kraton D1102. As described in Ref.
[18], PS homopolymer withM,, = 198 000 and HR-699
blend showed a UCST of 228, while PS homopolymer
with M,, = 7800 and HR-699 is completely miscible. Thus,
as theM,, of the PS block decreases, the miscibility
between the PS block in Kraton D1102 and HR-699
would be increased. In this situationp’ in Kraton
D1102/HR-699 should be smaller than that shown in
Fig. 8, which implies thate of Kraton D1102/HR-699
system should be smaller than 2.8. However, we
consider that the upper limit value af with 2.8 is not too
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weight fraction of HRs for Vector 4211/HRs with
various DHs. The maximum tack at a given blend
10 D O"fi‘f;;zg; (namely at a given DH) was observed at a weight frac-
—m— 0 3wt HR951 tion of 0.3, except for HRs with DHs lower than 0.298
10° —w—0 5wt HR951 where the miscibility between PI block and HRs is far
poorer than HRs with DH larger than 0.298. Interestingly, at

10° a fixed value (0.3) of the weight fraction of HR, probe tack
\ \ increased up to HR-951 with increasing DH, although the

increase in probe tack was not large at higher DHs, as shown
. in Fig. 10(b). From the results of Figs. 9—11, the probe tack
i depends predominantly on the miscibility between the elas-
. tomeric phase of PB (or PI) in Kraton D1102 (or Vector

\. 4211) block copolymers and HRs. Also, the weight fraction
|

\

L ]

G'(Pa)
—q4
n-u-u

P
"

o

of HRs exhibiting a maximum tack among all blend compo-
sitions in the mixture of Vector 4211/HRs is 0.3, which is
T smaller than that (0.4) in the mixture of Kraton D1102/HRs.
80 100 120 140 160 180 200 220 240 260 280 300 This is becausé;‘,i,mixture for the former is smaller than that
of the latter at a given weight fraction of HRs in the
mixtures, thus, the smaller amount of HRs is needed for
Fig. 13. Temperature sweep@®t for various compositions of Vector 4211/ the former. .
HR-951 blend. The weight fractions of HR-951 in the blend a88:@; (A) Fig. 12(a) and (b) gives the plots of peel strength versus
0.1; (@) 0.3; and ¥) 0.5. weight fraction of HRs for Kraton D1102/HRs and Vector
4211/HRs with various DHs. We could not increase the
large. Previously, Kraus et al. [28] reported that the values weight fraction higher than 0.5 due to the existence of cohe-
of « for the mixtures of SIS and SBS with hydrogenated sive or grassy failure. As DH increased, the aromatic char-
rosin ester (or C-5) resins are 2.82 and 2.62, respectively.acters changed to aliphatic; therefore, peel strength with the
But, Kim et al. [29] reported that the values for SIS and  polar surface of stainless steel plate was decreased gradu-
SBS with mid-block associating tackifying resins are 2.1 ally. The smaller value for 50/50 (wt/wt) Kraton D1102/HR-

Temperature (°C)

and 2.16, respectively. 951 compared with 70/30 (wt/wt) composition shown in
Fig. 12(a) is because of the macrophase separation from

3.2. Adhesion properties for the mixture of block the poor miscibility between the PB block and the

copolymers and HRs HR-951 as well as the poor miscibility between the PS

block and the HR-951 (see Fig. 5). It is reported [11-13]

Fig. 9 gives the plots of the probe tack versus weight that the peel strength of macrophase-separated systems
fraction of HRs for Kraton D1102/HRs with various DHs. becomes very low.
The maximum tack at a given blend (namely at a given DH)
was observed at a weight fraction of HRs of 0.4. However, 3 3. The order-to-disorder transition for the mixtures of
the maximum tack, although it is small, occurs at a weight pjock copolymers and HRs
fraction of HRs of 0.3 for DH= 0.385 and DH= 0.873
implying a limited miscibility between the PB block and To determine whether the tack properties depend upon
HRs. When DH> 0.873 no detectable tack is observed the microdomain structure of the mixture of a block copo-
due to poorer miscibility between the PB block and HRs. lymer and a tackifying resin, we investigated the microdo-
Notice that the maximum tack value of a blend is related to main structure and the order-to-disorder transition
the viscoelastic propertie§(, G” and tand) at a measured  temperature Topr) Of the mixtures. We found from the
temperature (Z&). Thus, even if a blend shows the mini- synchrotron SAXS results that both Kraton D1102 and
mum Gﬁ,,mixtu,e, this blend does not necessarily exhibit the Vector 4211 have hexagonally packed cylindrical (HEX)
maximum tack properties. Interestingly, at a fixed value microdomains and the domain spacings (D) at room
(0.4) of the weight fraction of HR, probe tack increased temperature for the two block copolymers are 26.1 and
up to DH= 0.7 where it exhibited the maximum, and 28.1 nm, respectively [30]. Temperature sweep experiments
then decreased with increasing DH, as shown in Fig. of G’ for Vector 4211/HR-951 with four different weight
10(a). These results could be interpreted by the fact thatfractions of HR-951 (0, 0.1, 0.3, and 0.5) are given in Fig.
tack value is mainly related to the miscibility between the 13. TheTgopt Of each blend was determined at a temperature
PB block and HRs. This is consistent with the former results when G’ drops precipitously, for instance 271 for neat
[18] that the maximum miscibility of PB homopolymer/HRs Vector 4211. We also found that I versus logG”
occurred at DH~ 0.7. plots of these blends give the essentially samgrs

Fig. 11 gives plots of the probe tack versus the measured by the temperature sweep experiment [30], as
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Fig. 14. (a) The SAXS profiles of 90/10 (wt/wt) composition (a-1) and 70/30 (wt/wt) composition (a-2) of Vector 4211/HR-951 at different temp€tegures
plots of the inverse scattering intensity (b) and the FWHM (c) of the first order peak versus inverse temperature. 8yrahdI@( in Figs. 15(b) and (c) are
90/10 and 70/30 (wt/wt) compositions, respectively.

the volume fraction of the PS block in Vector 4211 is f < 0.15), the Topr measured by the temperature sweep in
0.26, which is not asymmetric composition. For a block G’ would be different from that measured by plots of B8
copolymer with very asymmetric composition having versus logG” [31—34]. From Fig. 13Tpr decreased gradu-
body centered cubic spherical (BCC) microdomains (say ally with an increasing amount of HR-951. This is because of
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Fig. 15. The variations of th&ypys for (a) Vector 411/HRs and (b) Kraton
D1102/HRs with DH at different blend compositions determined by SAXS
(®;A;H) and rheology ©;A;0). (@;0) 90/10 (wt/wt); (A;A) 70/30 (wt/
wt); and @;J) 50/50 (wt/wt) Vector 4211 (or Kraton D1102)/HRs blends.

the lower molecular weight of HR-951 in addition to the good
miscibility between HR-951 and PI block in Vector 4211.
The overall SAXS profiles with temperatures are given in
Fig. 14(a) for two blend compositions (90/10 and 70/30 (wt/
wt)) of Vector 4211/HR-951. Also, plots of the inverse of
the scattering intensity and the full-width at half-maximum
(FWHM) of the first-order peak versus the inverse of
temperature are given in Fig. 14(b) and (c), respectively
Two blend composition of 90/10 and 70/30 (wt/wt) Vector
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(wt/wt)) of Vector 4211/HR blends with DH is given in Fig.
15(a). We found that 50/50 (wt/wt) Vector 4211/neat C-9
resin as well as 70/30 (wt/wt) compositions of Vector 4211/
neat C-9 resin and Vector 4211/HR-298 has lamella micro-
domains. This is because most resins are dissolved into the
PS block, thus the overall weight fraction of PS increased to
0.65 and 0.51, respectively, for 50/50 and 70/30 (wt/wt)
compositions. But, except for these three, all blend systems
showed HEX microdomains. This suggests that even if at
DH = 0.951 where almost all HRs are associated with the
PI1 block, the overall weight fraction of PS in the 70/30 (wt/
wt) Vector 4211/HRs becomes 0.21; thus, there is very little
chance to change HEX microdomains to body-centered cubic
microdomains. At a given DH, th&,pt would decrease with

the increasing amount of HRs. This is attributable to the
smallerM,, of HR. However, very interestingly, the mini-
mum Topt occurred at DH= 0.3 for the two blend compo-
sitions (90/10 and 70/30 (wt/wt) Vector 4211/HRS).

We also found that 70/30 (wt/wt) Kraton D1102/neat C-9
resin has lamellar microdomains, and, except for C-9 resin, all
blend systems of Kraton D1102/HRs showed HEX microdo-
mains. It is pointed out that 70/30 (wt/wt) Kraton D1102/HR-
298 has HEX microdomains, while 70/30 (wt/wt) Vector
4211/HR-298 has lamellar microdomains. This is because,
even though the interaction between the PS block in Kraton
D1102 and HR-298 is more favorable than that between the PB
block and HR-298, some portions of the HR-resin are
dissolved into the PB block. However, as described
previously, almost all HR-298 is dissolved into PS phase for
70/30 (wt/wt) Vector 4211/HR-298. Thus, the total PS phase
for 70/30 (wt/wt) Kraton D1102/HR-298 does not become
large enough to exhibit lamellar microdomains. Tigy of
Kraton D1102/HR measured by SAXS was slightly larger than
that determined by rheology. It should be pointed out that the
PB would be cross-linked at higher temperatures [35]; thus the
measuredopr of Kraton D1102 in this study might not be very
accurate. Nevertheless, the cross-linking was negligible at
Topts as given in Fig. 15(b) for 90/10 (wt/wt) and 70/30 (wt/
wt) Kraton D1102/HRs.

At a given DH, theTopt would decrease with increasing

. amount of HRs. Also, similar to Vector 4211/HRs, the mini-
mum Topr 0ccurred at DH= 0.3. When we considered only

4211/HR-951 have HEX microdomains due to the existence the stability limit [36—38] for the microphase separation,

of v/3q" at lower temperatures (see Fig. 14(a-1) and (a-2))
From Fig. (a-1), this peak start to disappear at’gband it
disappears completely at 2%2 With this result and the fact
that the inverse SAXS intensity and FWHM precipitously
increased at 25&, as shown in Fig. 14(b) and (c), we
estimate theTopr of 90/10 (wt/wt) Vector 4211/HR-951
as 258C. Also, 70/30 (wt/wt) blend composition has a simi-
lar transition behavior to the 90/10 (wt/wt) composition,
except the lower value (200) of Topr compared with the
latter. Further, th@gprs of these two blends are almost the
same as those determined from rheology (see Fig. 13).
On the basis of the above methods, the change ifighe

of the three blend compositions (90/10, 70/30, and 50/50

. predicted by the mean field theory with the interaction para-
meters between PS/HR and PB/HR reported in Ref. [18], the
minimum Tgpr occurred at DH= 0.3 for the two blend
compositions (90/10 and 70/30 Kraton D1102/HRs (and
Vector 4211/HRS). In this calculation, the interaction para-
meter is simply assumed to be zero when there is no turbid-
ity between the blend. The detailed predictions of Tagr
of the blends will be reported later [22].

4., Conclusions

In this study, we have shown that viscoelastic properties,
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such as plateau modulus and glass transition, depends [2] Mildenber R, Zander M, Collin G. Hydrocarbon resins, New York:

predominantly on the miscibility between PS and HR as 5 gchfl'v 1_9?Z:-A . Patrick RL. editor. Treat dhesion and adh

well as PB (or PI) and HRs, which is strongly affected by [} Dahiquist CA. In: Patrick RL, editor. Treatise on adhesion and adhe-
. . . sives, New York: Marcel Dekker, 1969 p. 219.

DH in HR. At lower values of DH, HR§ are associated W'_th [4] Class JB, Chu SG. J Appl Polym Sci 1985;30:805 see also pp. 815 and

the PS end block; thus tack properties become negligible 825.

although the plateau modulus increased considerabley. [5] ChuSG. In: Satas D, editor. Viscoelastic Properties of Pressure-Sensi-

Further, using SAXS experiment, the mixture of Kraton tive Adhesives, New York: Van Nostrand Reinhod, 1989 chap. 8.
D1102 (or Vector 4211)/neat C-9 resin has lamellar micro- [8] Macosco CW. Adnesives Age 1977;September.35.
) [7] Chang EP. J Adhesion 1991;34:189.
domain. [8] Kawahara S, Akiyama S. Polymer 1991;32:1681.
We found that the tack properties depended on the misci- [9] Kawahara S, Kano Y, Akiyama S. Int J Adhesion Adhesives
bility between HRs and the elastomeric mid-block in the 1993;13:181.

block copolymers. In other words, the tack value of the [10] Kawahara S, Akiyama S. Macromolecules 1993;26:2428.

. i . [11] Fujita M, Kajiyama M, Takemura A, Ono H, Mizumachi H, Hayashi
mixture of Kraton D1102/HR exhibits a maximum at BH S. J Appl Polym Sci 1997:64:2191,

0.7 (HR-699) where the plateau modulus decreases gradu'[lZ] Fujita M, Kajiyama M, Takemura A, Ono H, Mizumachi H, Hayashi

ally with increasing amount of HR-699 resin. This is well S. J Appl Polym Sci 1998;67:221.
consistent with the previous result [18] that the maximum [13] Fujita M, Kajiyama M, Takemura A, Ono H, Kajiyama M, Hayashi,
miscibility between PB and HR occurred at BHO.7. S. J Appl Polym Sci 1998;70:771 see also p. 777.

. . [14] Hayashi S, Kim H, Kajiyama M, Ono H, Mizumachi H, Zufu Z. J
However, tack properties of the mixture of Vector 4211/ Appl Polym Sci 1999:71-651.

HR increased Stead”y upto HR-951, pecgusg the mi.SCibi"ty [15] Kim H, Hayashi S, Mizumachi H. J Appl Polym Sci 1998;69:581.
between PI and HR increases steadily with increasing DH. [16] Kim H, Mizumachi H. J Appl Polym Sci 1995:56:201.

These results are consistent with the prediction by the solu-[17] Kimishima K, Jinnai H, Hashimoto T. Macromolecules
bility parameter approach. Thus, even if the diene of C-4 is 1999;32:2585.

. ) T [18] Kim JK, Ryu DY, Lee KH. Polymer 2000 in press.
slightly changed to that of C-5, the miscibility between the g1 5o 53 'Ran Sy, Park Y, Lee KB. Rev Sci Instrum 1995:66:1722.

block copolymer a_nd a tackifying res.in changes signifi- [20] kim JK, Lee HH, Ree M, Lee KB, Park Y. Macromol Chem Phys
cantly; thus large different tack properties are expected. 1998;199:641.
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