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Abstract We have investigated the microdomain structure
and viscoelastic properties of polystyrene-block-poly(ethyl-
ene-co-(ethylene-propylene)-block-polystyrene copolymer
(SEEPS-1)/paraffinic oil (Oil-1) blends. The SAXS results
revealed that, with increasing oil content, the structures
change from a lammelar microdomain for SEEPS-1/0il-
1 = 100/0 to a hexagonally packed cylindrical microdomain
for SEEPS-1/0il-1 =75/25 blend, and furthermore change to a
spherical microdomain packed in a cubic lattice for SEEPS-1/
Oil-1 = 50/50 and 25/75 blends. SEEPS-1/0il-1 = 100/0 and
75/25 blends held each same microdomain structure below
300 °C. In contrast, SEEPS-1/0il-1 = 50/50 and 25/75 blends,
respectively, exhibited order-disorder transition temperature
(Topr) at 210220 °C and 150-160 °C. Below Toprt, the
microdomain structures did not change. Corresponding to
the SAXS observations, the viscoelastic responses showed
that the dynamic storage modulus G, respectively, is propor-
tional to wl/z, w1/4~w”3, and w° at low frequencies for
SEEPS-1/0il-1 = 100/0, 75/25, and 50/50 and 25/75, indicat-
ing lamellar, cylindrical, and spherical microdomains The
time-temperature superposition was applicable on the ordered
state, and the activation energy obtained from the shift factors
was roughly independent of blend composition (in other
words, microdomain structure), suggesting that the viscoelas-
tic responses are due to the presence of defects of long range
order of microdomain structures.
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Introduction

It is well-known that block copolymers have the ordered
microphase-separated structure in the form of spheres, cylin-
ders, lamellae, or bicontinuous microdomains. However, as
the temperature is raised above a certain critical value, the
microphase-separated structure disappears, giving rise to a
disordered state. Such a phenomenon is referred to as the
order-disorder transition (ODT). The microdomain structure
affects the viscoelastic properties on time scales longer than
the single-chain terminal relaxation time (t.). It has been a
great deal of interest in correlating the rheological properties
of block copolymers with the microdomain structures
(Fredrickson and Bates 1996). Gouinlock and Porter (1977)
and Chung and Lin (1978) first demonstrated that the low-
frequency viscoelastic properties of SBS triblock copolymer
was dependent on the state of order. Viscoelastic properties at
the low frequency (w < w, ~ 0.1, ") are strongly dependent
on the type of microdomain structure below the ODT temper-
ature (T ODT)'

Block copolymer melts are easily trapped in morphologies
with local compositional order but macroscopic (long-range)
isotropy. Such polycrystalline morphologies are inevitable in
samples that have been prepared by compounding or solvent
casting. Certain types of defects (dislocations, grain bound-
aries, etc.) can be difficult to remove. It is important to recog-
nize that the linear viscoelastic response can be quite sensitive
to the degree of long-range order in a block copolymer melt,
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particularly at low and intermediate frequencies (Koppi et al.
1992; Larson et al. 1993).

Experimentally, it has been found that the dynamic storage
modulus G’ and loss modulus G” of lamellar microdomain
structures are proportional to w'? at low frequencies (Bates
1984; Rosedale and Bates 1990; Patel et al. 1995; Wang et al.
1999; Floudas et al. 1999). For cylindrical microdomain struc-
tures, G’ « w 3w were found (Morrison and Winter 1989;
Morirson et al. 1990; Winter et al. 1993; Balsara et al. 1996;
Ryu et al. 1997). Cubic microdomain structures exhibit solid-
like behavior (G'~w®) over a wide range of frequencies
(Watanabe et al. 1982; Koppi et al. 1994; Kossuth et al.
1999). Theoretically, the linear viscoelasticity of quenched
block copolymer lamellar phases with local uniaxial order
and global isotropy has been studied by Kawasaki and
Onuki (1990). They argued for a mesoscopic origin of the
unusual power law scaling (~w'?) of G’ and G”. Rubinstein
and Obukhov (1993) argued that the stress relaxation modulus
G(?) is proportional to 12 for quenched lamellae, consistent
with Kawasaki and Onuki scalings of the dynamic moduli,
and £ for quenched cylinder. However, the relations be-
tween the microdomain structures and the viscoelastic
properties of block copolymers have not been fully elucidated.

Paraffinic oils are often used to improve the rigidity and
processability of thermoplastic elastomers consisting of block
copolymers. Mortensen et al. (1998, 2002) studied the struc-
ture and rheology of SEBS/paraffinic oil blends. They found
that the PEB midblock is dissolved in the paraffinic oil and the
micellar network structure are formed. Sugimoto et al. (2009)
studied the effect of paraffinic oil on the rheological and phase
behaviors of SEBS/oil blend. Due to the small polarity differ-
ence between the elastomer phase and oil, the oils are present
in the elastomer phase, and thus lower the 7opt. However, the
effect of paraffinic oil on the microdomain structures and the
low-frequency viscoelastic properties has been less studied.

Recently, we prepared a series of blend systems of polysty-
rene-block-poly(ethylene-co-ethylene-propylene)-block-poly-
styrene (SEEPS) and three kinds of paraffinic oil having dif-
ferent molecular weights (MWs) and studied their dynamic
viscoelastic properties at the solid state (Nishioka et al.
2011) and at the molten state (Takahashi et al. 2012). We
found that paraffinic oil is a selective solvent to poly(ethyl-
ene-co-(ethylene-propylene) (PEEP) midblock (elastomer
phase) and is mainly dissolved into the phase. We determined
their Topt for the SEEPS/oil blends with three kinds of oil
using two rheological methods and found that the viscoelastic
properties and ODT behavior of the blends depended strongly
on the oil MW, because of the difference of solubility of par-
affinic oil to the PS phase.

In this paper, we have investigated the microdomain struc-
ture and viscoelastic properties of SEEPS/paraffinic oil
blends. We found that, with increasing oil content, the struc-
tures change from a lammelar microdomain to a hexagonally
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packed cylindrical microdomain, and furthermore change to a
spherical microdomain packed in a cubic lattice.
Corresponding to these microdomain structures, the viscoelas-
tic properties exhibited different power law behavior at low
frequencies. The relation between the microdomain structure
and the temperature dependence of the viscoelastic properties
at low frequencies is also discussed. Details of these results are
presented in this paper.

Experimental methods

The material used was a commercial SEEPS tri-block copol-
ymer (SEPTON-4033, Kuraray Co. Ltd., Japan) and was des-
ignated SEEPS-1. The molecular weight of SEEPS-1 was de-
termined by gel permeation chromatography (GPC) using PS
elution standards. The total weight-average molecular weight
M,, of SEEPS-1 was 84 kg/mol, and the weight fraction of the
PS block was 0.30. A Diana Process Oil (PW-380, Idemitsu
Kosan Co. Ltd., Japan) was used and designated Oil-1. Oil-1
is a mixture of saturated hydrocarbons consisting of about
70 wt.% of paraffinic and 30 wt.% of naphthenic components
and possesses average molecular weights of 750 g/mol, ac-
cording to the sample provider.

SEEPS-1 and Oil-1 were mixed as a dry blend and left for
about 20 h at room temperature. Then, the mixtures were
blended by a twin-screw extruder (model: ULT nano,
Technovel Co. Ltd., Japan) at 100 rpm for about 10 min.
Blending temperature was 240 °C for SEEPS-1/0il-1 = 100/
0 and SEEPS-1/0il-1 = 75/25 and 180 °C for SEEPS-1/0il-
1 =50/50 and SEEPS-1/0il-1 =25/75. Blended samples were
subsequently compression molded into a disk shape (1-mm
thickness, 25 or 50 mm ¢) at 180 °C and 5 MPa for 10 min by
a Mini Test Press-10 (Toyo Seiki Seisakusho Co., Ltd., Japan).

SAXS measurements were conducted using X-ray diffrac-
tion apparatus (NANO-Viewer, Rigaku, Japan). The incident
X-ray beam was generated from a Cu-K«x line (wavelength
A =1.54 A) and was focused to a spot 450 um in diameter at
the sample position with a confocal optic (Max-Flux, Rigaku,
Japan) equipped with a pinhole slit collimator. The scattered
X-ray from the sample were detected by a two-dimensional
position-sensitive detector (Pilatus 100K/R, Rigaku, Japan),
with 195 x 487 pixels (33.5 x 83.8 mm) and a spatial resolu-
tion of 0.172 mm, covering a g range of
(0.02 A" < ¢ <0.5 A" at a sample-to-detector distance of
325 mm. The scattering data recorded on the detector were
corrected for counting efficiency, instrumental background,
and air scattering on a pixel-to-pixel basis. The scattering in-
tensity distribution /(q) was circular averaged. Temperature
was controlled to within =1 °C using a FP900
Thermosystem (Mettler Toledo).

Dynamic viscoelastic measurements were performed on a
stress control rheometer (Physica MCR-300, Anton Paar)
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operated in the parallel plate geometry with 25-mm diameter
and about 1-mm gap. The dynamic storage modulus (G’) and
loss modulus (G") were obtained as a function of angular
frequency (w). The G’ and G" were measured at different
temperatures in order to investigate the temperature depen-
dence of the viscoelastic properties. Strain amplitude of
0.7 % was used for samples below Toprand 7 % for samples
above Topr. These small amplitudes are low enough to lie
within the linear range. The time-temperature superposition
(Ferry 1980) was applicable below or above Topr, and the
G' and G" data were superimposed onto the master curves.
Then, the data could be obtained over a wide frequency range.
All experiments were performed under nitrogen atmosphere
so as to minimize oxidative degradation at high temperatures.

Results and discussion
SAXS study

The SAXS patterns for SEEPS-1/0il-1 = 100/0, 75/25, 50/50,
and 25/75 samples exhibited azimuthally isotropic rings.
Figure 1 shows the SAXS profiles for the four samples at
room temperature, where ¢ is the magnitude of scattering vec-
tor defined by ¢ = (47/A) sin(6/2) with A and © being the
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Fig. 1 SAXS profiles measured at room temperature for SEEPS-1/0il-
1 =100/0, 75/25, 50/50, and 25/75 blends

wavelength of X-ray and scattering angle, respectively. The
number on the peaks in the figure represents the spacing ratio.
To avoid overlaps of the SAXS profiles, these are vertically
shifted. The following observations can be seen in Fig. 1.

1. The ratio of peak position is 1:2:3 for SEEPS-1/0il-
1 = 100/0, indicating that this sample has a lamellae mi-
crodomain structure.

2. The ratio of peak position is 1:N3:2 for SEEPS-1/0il-
1 = 75:25, indicating that this oil blend has a
hexagonally-packed cylindrical microdomain structure
of polystyrene block.

3. The ratio of peak position for SEEPS-1/0il-1 = 50/50 and
25/75 is 1:N2:\3, indicating that these oil blends have a
spherical microdomain packed in a cubic lattice
(Sakamoto et al. 1997).

These SAXS observations indicate that the samples obtain-
ed blended by an extruder are locally ordered but macroscop-
ically disordered (i.e., globally isotropic) states.

For a pure ABA triblock copolymer, the microdomain
structure is most strongly affected by the total volume
fraction f, of blocks A. For roughly equal amounts of A
and B, lamellaec form. If f5 is smaller than 0.3—0.35, then
cylinders of A usually form. If fo < 0.18-0.23, spheres of
A form in a matrix of B (Larson 1999). We can roughly
estimate the volume fraction of PS blocks in SEEPS-1/0il-
1 blends, using the density of 1.0, 0.9, and 0.9 g/cm’,
respectively, for PS, elastomer (PEEP), and Oil-1. For
SEEPS-1/0il-1 = 100/0, the volume fraction of PS blocks
is obtained to be around 0.28. We suppose that SEEPS-1/
Oil-1 = 100/0 is a boundary between lamellac and cylin-
der, although this sample has a lamellae microdomain, as
shown from SAXS observations, and the volume fraction
is somewhat smaller than that of lamellae previously re-
ported for ABA triblock copolymers. Paraffinic oil (Oil-1)
is a selective solvent to the elastomer phase (PEEP) and
Oil-1 dissolves in the PEEP (Nishioka et al. 2011). Then,
the matrix phase is a mixture of PEEP and Oil-1. Using
these densities, the volume fraction was obtained to be
0.17, 0.14, and 0.07, respectively, for SEEPS-1/0il-
1 = 75/25, 50/50, and 25/75 blends. The microdomain
structure of SEEPS-1/0il-1 blends is very similar to the
phase diagrams for a pure AB and ABA block copolymer
reported by Larson (1999), although each microdomain
structure shifts to slightly lower volume fraction.

Figures 2, 3, 4, and 5, respectively, show the SAXS
profiles for SEEPS-1/0il-1 = 100/0, 75/25, 50/50, and 25/
75 blends at various temperatures as the temperature was
increased. The microdomain structures of SEEPS-1/Oil-
1 = 100/0 and 75/25 did not change at elevating temper-
ature, as the peak position hardly changed with
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Fig. 2 SAXS profiles for SEEPS-1 (SEEPS-1/0il-1 = 100/0) at various
temperatures as indicated

temperature up to about 220 °C although slightly shifted
to a larger ¢ value above 240 °C. This shift is due to the
small change of the lamellar domain structure because the
ratio of peak position was the same. On the other hand,
the structure of SEEPS-1/0il-1 = 50/50 and 25/75 blends,
respectively, suddenly changed as the temperature in-
creases from 210 to 220 °C and 150 to 160 °C. These
changes indicate that order-disorder transition (ODT) took
place at 210220 °C for the 50/50 blend and 150-160 °C
for the 25/75 blend. A detailed analysis of SAXS profiles
of the blends will be presented in a separate paper.
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Fig. 3 SAXS profiles for SEEPS-1/0il-1 = 75/25 blend at various
temperatures as indicated
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Fig. 4 SAXS profiles for SEEPS-1/0il-1 = 50/50 blend at various
temperatures as indicated

Viscoelastic properties

The G’ and G” versus w curves at various temperatures 7'were
superimposed into a master curve by shift along the w axis by
a factor ar. Figure 6 shows the master curves of G' and G” for
SEEPS-1/0il-1 = 100/0 at 0.7 % strain. We can find that the
G" data could be excellently superimposed into the master
curve, although the G’ data are somewhat noisy at low fre-
quencies. Both G’ and G” display weak frequency dependen-
cies over the entire frequency range up to the maximum tem-
perature investigated, implying that Topr exceeds 300 °C,

10° e
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Fig. 5 SAXS profiles for SEEPS-1/0il-1 = 25/75 blend at various
temperatures as indicated
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Fig. 6 Master curves of the storage modulus G’ (a) and loss modulus G”
(b) for SEEPS-1. The reference temperature is 240 °C

because the terminal behavior of G’ and G”, G' « w?, and G”
« ), was not be observed. Interestingly, Fig. 6 shows that the
G’ and G” exhibited a power law behavior of G’ and G” « w'?
between 10! < way < 10"

The low-frequency viscoelastic properties are strongly de-
pendent on the type of microdomain structure below Topr.
The most intensively studied morphology is the lamellar mi-
crodomain, where G' = G” ~ w'”? at low frequencies (Bates
1984; Rosedale and Bates 1990; Kawasaki and Onuki 1990;
Rubinstein and Obukhof 1993; Patel et al. 1995; Wang et al.
1999; Floudas et al. 1999). The SAXS observation revealed
that SEEPS-1/0il-1 = 100/0 has a lamellar microdomain struc-
ture. Our data are in good agreement with the power law index
of 1/2 for lamellar microdomains. Thus, we can conclude that
SEEPS-1/0il-1 = 100/0 has the lamellar microdomains. The
power law index is an averaged value for lamellar

microdomain with locally uniaxial order and global isotropy.
Our sample is considered to have the structure close to “per-
fect” isotropy because the G' and G" data exhibit the low-
frequency power laws. However, the G’ data seem to level
off at low frequencies. This may be due to imperfect isotropy.

For SEEPS-1/0il-1 = 100/0, we did not measure the visco-
elastic properties above 300 °C, because degradation severely
occurred. We could not observe the order-disorder transition
in this 7range by viscoelastic measurements, too. Degradation
occurred before Topr is reached, as the total MW of SEEPS-1
is high.

Figure 7 shows the master curves of SEEPS-1/0il-1 = 75/
25 blend at 0.7 % strain. We can find that time-temperature
superposition holds well, although some scatterings in G’ and
G" were found comparing with those of SEEPS-1/0il-
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Fig. 7 Master curves of the storage modulus G’ (a) and loss modulus G”
(b) for SEEPS-1/0il-1 = 75/25 blend. The reference temperature is
240 °C
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1 =100/0. Here, values of at were chosen that both G' and G”
were best satisfied. SEEPS-1/0il-1 = 75/25 blend did not
show the terminal flow behavior and displayed rheological
behavior characteristic of microscopically ordered materials
over the entirely experimental 7 window, indicating
Topt > 300 °C for the blend. Thus, the blend is also micro-
phase separated and exhibit viscoelastic properties unlike
those of homopolymer melts. The G’ behavior at low w char-
acterizes the blend which exhibits a power law behavior of G’
« ", where 7 is about 1/4~1/3. This n value is smaller than
that for SEEPS-1/0il-1 = 100/0 blend. The SAXS measure-
ments indicate that SEEPS-1/0il-1 = 75/25 blend has a hex-
agonally packed cylindrical microdomain structure of polysty-
rene block. For cylindrical microdomain structures, G' &
w'? ~ w!'® were found (Morrison and Winter 1989;
Morrison et al. 1990; Rubinstein and Obukhof 1993; Winter
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Fig. 8 Master curves of the storage modulus G’ (a) and loss modulus G”

(b) for SEEPS-1/0il-1 = 50/50 blend. The reference temperature is
210 °C
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etal. 1993; Balsara et al. 1996; Ryu etal. 1997). Our n value is
in good agreement with the power law index of 1/3~1/6 for
cylindrical domains.

Figure 8 shows the master curves of G’ (a) and G” (b) for
SEEPS-1/0il-1 = 50/50 blend below and above Topt. Here,
open symbols indicate the data below 7opr measured at 0.7 %
strain and filled symbols above Topr measured at 7 % strain at
a reference temperature of 210 °C. The data have been shifted
along w axis using the shift factors of the G” data, as the G"
data could be superimposed at high w, because G” is less
sensitive to the phase transition. This method of time-
temperature shifting, whereby superposition of the high w
data is achieved, is the same as that used by Koppe et al.
(1992) and Patel et al. (1995). We can find that both G’ and
G" data could be superimposed into each master curve below
and above Topr, although the G” data just below Topr at low
frequencies were a little scattered.

Above Topt, both G' and G" show liquid-like terminal
behavior at low w: G' « w” and G" « w, typically ob-
served for flexible polymers. For SEEPS-1/0il-1 = 50/50
blend, the longest relaxation time is very short above
Topr, and the terminal region is observed at the entire
w range. Below Topr, on the other hand, the following
observations are worth noting in the low w zone of
Fig. 8. The plots of log G’ versus log w show very weak
w dependence and the G’ values are constant at low w.
This rheological response is governed by the spherical
microdomains of PS, as already shown for
SEBS/oil = 50/50 blend by Sugimoto et al. (2009) and
explained in the “Introduction”: cubic microdomain struc-
ture exhibits solid-like behavior (G' ~ w”) over a wide
range of frequencies (Watanabe et al. 1982; Koppi et al.
1994; Kossuth et al. 1999).

Figure 8 indicates that SEEPS-1/0il-1 = 50/50 blend
reached the disorder state at 220 °C and Topr of this blend
is determined to be between 210 and 220 °C. A sudden dis-
placement at 220 °C in the plots of G’ versus log w, but no
sudden displacement is observed in the plots of log G” versus
log w. This observation seems to indicate that G’, which de-
scribes the elastic properties, is much more sensitive to a
change in phase morphology of block copolymer/oil blend
systems at a certain critical 7" than G”, which describes the
viscous properties.

Figure 9 shows the master curves of G’ (a) and G” (b) for
SEEPS-1/0il-1 = 25/75 blend below and above Topt. Here,
open symbols indicate the data below Toprat 0.7 % strain and
filled symbols above Topr at 7 % strain at the reference tem-
perature of 150 °C. The master curves of the blend were con-
structed as same as those of the 50/50 blend. The G’ and G”
data are very similar to those of the 50/50 blend below and
above Topr, although the Topr (between 150 and 160 °C) and
the G’ value (3.5 x 10® Pa for the 25/75 blend and 8 x 10° Pa
for the 50/50 blend) of the 25/75 blend, are lower than those of
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Fig. 9 Master curves of the storage modulus G’ (a) and loss modulus G”
(b) for SEEPS-1/0il-1 = 25/75 blend. The reference temperature is
150 °C

the 50/50 blend. Solid-like behavior (G'~w’) was found at
low frequencies below Topr, as expected by SAXS measure-
ments, and terminal flow behavior was found above Topr.

Shift factor

Temperature dependence of the viscoelastic properties for
block copolymers were reported in several papers
(Gouinlock and Porter 1977; Chung and Lin 1978; Morrison
et al. 1990; Rosedale and Bates 1990; Winter et al. 1993; Patel
et al. 1995). Chung and Lin (1978) studied the rheological
properties of SBS block copolymer and found that the shift
factor was represented by Arrhenius-type activation energy
AE (AE = 100 kJ/mol).

Figure 10 shows the shift factor at versus inverse tempera-
ture 1000/7 for SEEPS-1/0il-1 = 100/0, 75/25, 50/50, and 25/75

blend, as both blends have a sphere morphology in the ordered
state. Then, the matrix phase in the locally ordered spherical
microdomains is consisted of PEEP/oil blend. As we reported
previously (Nishioka et al. 2011), paraffinic oil is a selective
solvent to the elastomer phase (PEEP) in SEEPS tri-block
copolymer and mainly dissolved in the elastomer phase. For
SEEPS-1/0il-1 = 25/75 blend, segregation of PS block chains
and PEEP block chains with Oil-1 is strongly, as Oil-1 hardly
dissolve into PS. Then, the PEEP concentration (41 wt.%) of
SEEPS-1/0il-1 = 50/50 blend is two times higher than that
(19 wt.%) of 25/75 blend. For concentrated polymer solutions,
AE value decreases with increasing polymer concentration.
Therefore, we should not consider that the temperature depen-
dence of the SEEPS-1/0il-1 blends is due to the relaxation of
individual chains.

Table 1  Activation energy of SEEPS-1/Oil-1 blends in the ordered
state
100/0 7525 50/50 25/75

(110 £+ 10) kJ/mol (120 + 10) kJ/mol (120 + 10) kJ/mol (120 + 10) kJ/mol
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We suppose that the temperature dependence (activation en-
ergy AE) of the viscoelastic properties of SEEPS-1/0il-1 blends
is due to the presence of defects of grain morphology. Koppi
et al. (1992) proposed that the undulations and defects in the
lamellar layers might contribute to the low-frequency viscoelas-
tic behavior of block copolymers. Larson et al. (1993) also
showed that the nonterminal behavior in block copolymers is
caused by the existence of the lamellar structure with defects in
the layers. They found that the low-frequency viscoelasticity of
ordered block copolymers is very sensitive to grain network
structure formed by continuity of the microdomains through
the grain boundary region. If the temperature dependence of
the viscoelasticity for the SEEPS-1/Qil-1 blends is attributed to
effects of defects of microdomain structure and complicated
grain boundaries, it should be independent of the type of micro-
structures (lamellae, cylinder, and sphere). Balsala et al. (1996)
studied the effect grain size (or defect density) on the theology of
block copolymers and found that the rheological properties were
not significantly affected by a change in the average grain size.
The same AFE values irrespective of blend ratio obtained here
suggest that the temperature dependence of the viscoelastic re-
sponse is due to the defects and grain boundary.

Concluding remarks

SAXS and low-frequency viscoelastic measurements were
performed for the SEEPS-1/0il-1 blends. The SAXS profiles
indicated that the structures change from a lammelar micro-
domain to a hexagonally packed cylindrical microdomain of
PS, and furthermore change to spherical microdomains
packed in a cubic lattice with increasing oil content. SEEPS-
1/0il-1 = 100/0 and 75/25 blends held the same microdomain
structure at elevating 7 below 300 °C investigated. However,
SEEPS-1/0il-1 = 50/50 and 25/75 blends exhibited ODT be-
havior. Corresponding to these SAXS observations below
Topt, the viscoelastic properties exhibited characteristic fea-
tures; the shear modulus is proportional to w'?, w13 and
w” at low frequencies in locally lamellar, cylindrical, and
spherical microdomains. The time-temperature superposition
was applicable in the ordered state at low frequencies and the
activation energy AE was roughly independent of blend com-
position (in other words, microdomain structure), suggesting
that the temperature dependence of low frequency viscoelas-
ticity is due to the presence of defects and grain boundary.
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