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Abstract

We have investigated the structure—property relationships and the effects of a viscosity ratio on the rheological properties of
nanocomposite-like polymer blends using oscillatory and steady shear rheometry and optical microscopy. These immiscible blends are
consisted of ultrahigh viscous polybutadiene (PB1), high viscous polybutadien (PB2), and low viscous polydimethylsiloxane (PDMS). The
PB1/PDMS blends with an ultrahigh viscosity ratio (A=162,000) exhibit non-Newtonian fluids behavior for Q> 0.1 while the PDMS/PB2
blends (A=37) exhibit pseudo-Newtonian fluids behavior for Q> 0.6, where Q is the weight fraction of PB1 or PB2 in the blends. The
viscoelastic properties of the PB1/PDMS blends increase systematically with an increasing the weight fraction of PB1, and then exhibit
plateau values above a certain maximum weight fraction (2,,) of PB1. In addition the viscoelastic properties of the PB1/PDMS blends are not
affected by the change of blend morphology or phase inversion, where Qy, is larger than the phase inversion weight fraction (2p). In contrast
the viscoelastic properties of the PB2/PDMS blends follow a positive-deviation mixing rule and are significantly affected by phase inversion.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The blending of immiscible or miscible polymers has
become an increasingly important technique for developing
the cost-effective commercial materials. Polymer blends are
physical mixtures of two or more polymers and have been
commercialized as immiscible or miscible systems [1,2]. In
these mixtures, most of commercial polymers tend to
separate into two or more distinct phases due to incompat-
ibility. It is much more cost-effective to blend two or more
polymers with known properties than to synthesize new
polymers having unknown properties. A specific example of
such systems in which immiscibility is beneficial for the
impact modification of brittle polystyrene by rubber is
acrylonitrile-butadiene—styrene (ABS) or high impact
polystyrene (HIPS).

Therefore, the advantages of immiscible polymer blends
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are similar to those for the development of polymer
composites. In particular, the viscoelastic behavior of the
polymer blend with an ultrahigh viscosity ratio may be
similar to those of polymer nanocomposites. While the
structure and properties of immiscible polymer blends have
been studied extensively [1-22], in spite of the commercial
importance, there are virtually no data on the composite-like
polymer blends with extremely high viscosity ratios.

In this paper, we have studied the effects of a viscosity
ratio on the rheological properties of the nanocomposite-
like polybutadiene (PB1)/polydimethylsiloxane (PDMS)
blend with an extremely high viscosity ratio (A=162,000)
and the immiscible polybutadiene (PB2)/PDMS blend with
a high viscosity ratio (A=37) as a function of various
compositions. We also have investigated the relationships
between blend morphology and viscoelastic properties and
the effects of phase inversion on viscoelastic properties
using oscillatory and steady shear rheometry and optical
microscopy. To study the deformation or breakup effect of
dispersed domains on the rheological properties, we
performed steady and oscillatory shear measurements with
and without pre-shear which changes the morphology of the
blends [5,6,24]. We used a very high viscosity PB1


http://www.elsevier.com/locate/polymer

5570 J.K. Rameshwaram et al. / Polymer 46 (2005) 5569-5579

(mp=487,000 Pa s), a high viscosity PB2 (no=1100 Pa s)
and a low viscosity PDMS (n7o=30 Pas). In general, one
would not expect the breakup of dispersed domains to occur
in a blend with a viscosity ratio larger than 4 [23].

In general, the storage modulus of immiscible or phase
separated blends in low frequencies (or terminal regime)
shows unusual terminal responses [24,25]. However, we did
not observe any significant deviation from a typical terminal
response due to the interfacial tension between the two
phases, rather, observed the viscoelastic behavior similar to
those of polymer/clay nanocomposites [26—28] over the
wide range of frequencies (0.1 <w <100 rad/s); the visco-
elastic properties of the PB/PDMS blends such as viscosity
and storage and loss moduli exhibit pseudo solid-like
behavior at low frequencies as well as increase significantly
at high frequencies. We also find a critical composition of
PB1 in the PB1/PDMS blends above which the viscoelastic
properties are dominated not by phase inversion but by the
contribution of the PB1 component. Therefore, the polymer
blend consisted of PB1 and PDMS can be considered as a
good model system for the study of polymer nanocompo-
sites owing to the ultrahigh viscosity ratio of the PB1/PDMS
blend (A=162,000).

2. Experimental section

2.1. Materials

The polymers that were used in this study have been
selected in order to study the effects of a viscosity ratio on
the rheological properties of the immiscible polymer blends
having high viscosity ratios. We selected an ultrahigh
viscosity polybutadiene homopolymer (PB1), a high viscosity
polybutadiene homopolymer (PB2), and a low viscosity
polydimethylsiloxane homopolymer (PDMS). PB1 and
PB2 were synthesized by sequential anionic polymerization
under high vacuum in hydrocarbon solvents at 25 °C with
sec-butyl lithium as the initiator and isopropanol as the
terminator [29]. Standard high vacuum procedures were
used to purify the reagents [30]. The PDMS homopolymer
used in this study was purchased from Aldrich and used as
received. The number-average molecular weight (M,,), the
weight—average molecular weight (M) and the polydis-
persity of polybutadiene polymers were determined by gel
permeation chromatography (GPC). The microstructure was
probed using '*C nuclear magnetic resonance (NMR). The
polybutadiene chains are statistical copolymers, composed
of 14, 1-2 isomers. The polybutadiene homopolymers with
ultrahigh (ny=487,000 Pas) and high (1o=1100 Pa s)
viscosity are denoted as PB1 and PB2, respectively. The
results of the polymer characterization are summarized in
Table 1.

2.2. Sample preparation

The immiscible polymer blends of PB1/PDMS (J-series)
and PB2/PDMS (K-series) were prepared via solution
blending [5,24]. The PB1/PDMS and PB2/PDMS blends
are labeled as J, and K,, respectively, where x is the weight
fraction of PB1 or PB2 in the blends. The exact
compositions and designations of these blends used in this
study are given in Table 2. All experiments were performed
at a constant temperature of 70 °C, where the blends show
two-phase structures under quiescent conditions. The blend
sample was heated from room temperature to 70 °C and held
for 5 min under quiescent or pre-shear (y = 0.01 or 0.1 s~ D)
condition to obtain the reproducible initial two-phase
morphology for each sample. The samples for optical
microscopy were prepared by spin coating the diluted
solutions (5% concentration in cyclohexane) on quartz
substrates at 2300 rpm for 30 s and then dried in a vacuum
oven. These spin-coated samples were heated to a
temperature 70 °C under vacuum and the morphology of
these samples at this temperature was frozen in liquid
nitrogen instantaneously in order to retain the morphology.

2.3. Rheometer

The instrument used for the rheological measurements is
PHYSICA UDS 200 rheometer. All experiments were
carried out with a 25 or 50 mm diameter fixture and 0.4 mm
gap thickness for oscillatory and steady shear measure-
ments. All rheological measurements for the PB1/PDMS (J-
series) and PB2/PDMS (K-series) blends were performed at
a fixed temperature of 70 °C under an atmosphere of
nitrogen gas flow to prevent any thermal degradation of the
polymers which are known to be sensitive to heat [24]. In
order to study the linear viscoelastic properties, we
performed the oscillatory shear measurements ranging
from 0.1 to 100 rad/s in a constant strain mode with small
strain amplitude, (y=0.1). The measurements were per-
formed with a time delay of 5 min after cessation of three
different steady pre-shears (0, 0.01 or 0.1 s~") in order to
make sure that we are measuring the viscoelastic properties
of the blends after the relaxation of the deformed structure
of the dispersed phase in the blend.

3. Results and discussion
3.1. Rheological properties of homopolymers

Fig. 1 shows the dynamic viscosity for three homo-
polymers (PB1, PB2, and PDMS). The higher molecular
weight polymer PB1 shows a shear thinning behavior over
the wide range of a shear rate, while the relatively lower
molecular weight polymers PB2 and PDMS show New-
tonian fluids behavior. The zero-shear viscosity (o) of the
PB1, PB2, and PDMS homopolymers are 487,000, 1100,
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Table 1
Characterization data of three homopolymers

Samples M,, (g/mol) M IM, no (Pa's) Microstructure (mol%)

1,4 1,2 3,4
PB1 160,000 ~2.8 487,000 93 7 0
PB2 65,000 1.1 1100 91 9 0
PDMS 94,000 ~3.1 30 - -

and 30 Pa s, respectively. The homopolymer PB1 can be
considered as solid particles dispersed in the PDMS fluids
such as suspensions or composites because its viscosity is
much larger than that of PDMS; the viscosity ratio of PB1 to
PDMS is 162,000.

Fig. 2(a) and (b) shows the storage modulus (G') and loss
modulus (G”) for three homopolymers (PB1 and PB2, and
PDMS). For the PB2 and PDMS homopolymers, the slopes
of log G' vs. log w and log G” vs. log w (or power-law
equations) are close to 2 and 1, respectively, similar to the
characteristic behavior of a monodisperse polymer in the
terminal regime. In contrast, for the higher molecular
weight PB1, the slope in G’ is much smaller than 2 and close
to 0.5 whereas the slope in G” is smaller than 1 and similar
to 0.5 in the terminal regime of low frequencies. The
experimental values of the slope (or power-law exponents)
for G’ obtained from other phase separated or immiscible
polymer blends vary between 0.5 and 1 [10]. The small
values of these exponents suggest that the high molecular
weight PB1 may have phase-separated microstructure in a
molecular level and has a broad distribution in molecular
weight. The loss modulus also shows similar behavior
observed in storage modulus.

3.2. PB1/PDMS blends with ultrahigh viscosity ratio (A=
162,000)

Fig. 3 shows optical micrographs of two-phase PB1/
PDMS blends under quiescent conditions. The dispersed

phase of PBI1 appears as bright domains while the
continuous phase of PDMS is shown as dark color in the
J10, J20, and J30 blends. In contrast, for the J40, J50, and
J60 blends, the dispersed PDMS domains are shown as dark
color. Thus, the phase inversion weight fraction would be
Q,=0.3510.05 for the PBI/PDMS (J-series) blends at a
quiet condition. In particular, we should note the small
droplets dispersed at the inside of the bright PB1 domains in
the J20 and J30 blends. It is probably because the
continuous PDMS phase having much smaller viscosity
tends to break up into small droplets and diffuse into the
large PB1 domains.

We observed that the PB1 is the dispersed phase in the
blends up to the phase inversion composition, which is the
changing of the dispersed phase into the continuous phase or
the continuous phase into the dispersed phase. This occurs
with an increase in the concentration of the dispersed phase.
Phase inversion in two-phase polymer blends is a key factor
that can influence domain morphology in a number of
practical applications [1,2,31-35]. Phase inversion occurs
when the dispersed phase is converted into a continuous
phase due to changes in concentration, temperature, and/or
shear forces. An empirical equation that predicts the point at
which phase inversion will occur in terms of a dimension-
less parameter § has been reported [36-38];

_ danA

= 1
BB W

where ¢; is the volume fraction of component i (i=A or B)

Table 2
Characterization data of immiscible PB1/PDMS (J-series) and PB2/PDMS (K-series) blends
Blend Weight fraction (PB1 Dispersed phase no (Pas)* G, (Pa)* Gy (Pa)*
or PB2)
) 0.01 PBI1 28 - 2.8
J10 0.1 PB1 4410 323 300
120 0.2 PB1 24,000 1790 1600
J30 0.3 PBI 152,840 11,200 10,400
J40 04 PDMS 150,230 11,300 9900
J50 0.5 PDMS 129,530 9430 8880
J60 0.6 PDMS 201,660 15,500 12,900
J70 0.7 PDMS 161,070 12,300 10,400
J80 0.8 PDMS 229,730 17,900 14,400
K10 0.1 PB2 60 0.28 5.9
K30 0.3 PB2 79 1.07 16.0
K50 0.5 PB2 221 2.17 32.0
K70 0.7 PB2 777 14.2 76.4
K90 0.9 PDMS 1091 541 109.0

% The zero-shear rate viscoelastic properties of the blends were obtained at w=0.1 rad/s.
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Fig. 1. Dynamic viscosity of three homopolymers. Symbols: PB1 (circles),
PB2 (squares), and PDMS (triangles).

and n; represents the viscosity of component i at a given
shear rate and temperature. This equation implies that the
viscosity and composition ratio of the two components
determine the phase inversion composition. If 8 is smaller
than 1.0, the A-rich phase is dispersed while if @ is larger
than 1.0, the B-rich phase is dispersed. If the viscosity ratio
is balanced by the composition ratio (§=1), then phase
inversion may occur under either quiescent or shear
conditions. Several studies have demonstrated that Eq. (1)
has validity both for blends with viscosity ratios close to
unity [37-39]. In contrast, Eq. (1) does not quantitatively
predict the correct phase inversion point for systems that
exhibit viscous or viscoelastic asymmetry between the
components of blends or mixtures [2,33,40-42]. In general,
the morphology of polymer blends is affected by such things
as processing conditions, composition, and the viscoelastic
properties of both phases, as well as the interfacial tension
between them. Eq. (1) implies that phase inversion depends
not only on thermodynamic variables (such as volume
fraction and temperature), but also on hydrodynamics via
the shear viscosity. The phase inversion composition may
not be coincided with a discontinuity in the viscoelastic
properties of polymer blends with viscous or viscoelastic
asymmetry.

Fig. 4 shows the dynamic viscosity (') of the PB1/
PDMS blends for a widerange of PB1 weight fractions
(0.01-0.8). The blends exhibit Newtonian fluids behavior
for the J1 blend at all frequencies. In contrast the dynamic
viscosity of the other blends is characterized as shear-
thinning fluids at all frequencies, and the slope () of log %’
vs. log w can be expressed with a power-law equation
(n'—w™™). In the low frequency regime, the slope is close to
—0.5 for all blends except the J1 blend. We see systematic
large increases in the viscosity with an increasing PBI
concentration until Q=0.3 while it slightly increases with
an increasing the weight fraction of PB1 from 0.3 to 0.8.
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Fig. 2. (a) Dynamic storage modulus of three homopolymers. Symbols: PB1
(circles), PB2 (squares), and PDMS (triangles). (b) Dynamic loss modulus
of three homopolymers. Symbols: PB1 (circles), PB2 (squares), and PDMS
(triangles).

Fig. 5(a) and (b) shows the storage and loss modulus at
the various weight fraction of PB1 (2=0.01, 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, and 0.8). For Q>0.1 we see big jumps
compared to the storage or loss modulus of the J1 blend at
low frequencies (w < ~ 1 rad/s). In particular we see large
enhancements in G’ at least 5 orders of magnitude at the low
frequencies. In contrast, the storage and loss moduli slightly
increase with an increase in Q from 0.3 to 0.8, suggesting
that the dispersed phase of PB1 begins to have a major
contribution to the dynamic storage and loss moduli of the
PB1/PDMS blends. Fig. 5(a) and (b) also shows that the
exponents of the power-law equation are close to 0.5 for
022>0.3, indicating that the viscoelastic behavior of the
blends is not affected by the addition of PB1 component
when the weight fraction is greater than or equal to 0.3.

Fig. 6 shows the tan delta (6) defined as tan 6=G"/G’ as
a function of frequency at the various concentrations of PB1
(2=0.01,0.1,0.2,0.3,0.4, 0.5, 0.6, 0.7, and 0.8). It is clear
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J10 J40
J30 J60 ’

Fig. 3. Optical micrographs of PB1/PDMS blends (J-series). All scale bars
are 250 um.

that the tan 6 is much larger than unity over the entire
frequency range for 2=0.01 (J1), indicating that the
viscous component of the modulus is dominant over its
elastic counterpart. In contrast the tan 9 is close to or smaller
than 1 over the entire frequency range (0.1 < <100 rad/s),
indicating that the viscous component of the modulus is
comparable to its elastic counterpart. It is clear that the slope
in tan 0 vs. w is negative over the whole range of frequency,
which indicates the melt-like viscoelastic behavior. How-
ever, the slope in tan ¢ at low frequencies (w<0.5 rad/s)
becomes positive (see an inset of Fig. 6), indicating the
transition from melt-like to solid-like behavior [43]. This
kind of solid-like viscoelastic behavior has been observed in
many polymer/clay nanocomposites [26-28,44-47].

Figs. 7 and 8 show the compositional dependencies of
dynamic storage modulus and loss modulus at a frequency
of 0.1 rad/s for immiscible PB1/PDMS blends, respectively.
A systematic increase in G' and G” is evident with an
increasing PB1 weight fraction up to ©2=0.3. The
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Fig. 4. Dynamic viscosity () of PB1/PDMS blends (J-series) without pre-
shear. Symbols: J1 (circles), J10 (squares), J20 (diamonds), J30 (hatched
squares), J40 (filled circles), J50 (filled squares), J60 (filled diamonds), J70
(filled triangles), J80 (reversed filled triangles).

systematic increase in the dynamic storage and loss moduli
up to a critical composition (2 =0.3) is due to the fact that
the size of the dispersed domains (PB1 in this case)
increases systematically as the concentration of PB1 in the
blend increases [21,48]. In contrast the storage and loss
moduli exhibit two plateaus for 2> 0.3, suggesting that the
contribution of the PB1 component to the modulus is
dominant and the PB1 homopolymer determines the storage
and loss moduli of the PB1/PDMS blend when ©2>0.3. In
particular, we note that the phase inversion composition
(2,=0.35) is larger than the point of discontinuity that
would be called as a maximum weight fraction (Q,,,=0.25).

It has been reported that one or two peaks are appeared at
low frequencies in a plot for the compositional dependence
of storage or loss modulus [49-52]. The appearance of this
peak is attributed to the commencement of co-continuous or
bi-continuous structure due to the phase inversion. In the
case of the PB1/PDMS blend, we see a peak or maximum
value in the plot of G’ or G” vs. composition and the onset of
peak or maximum value is corresponding to the maximum
weight fraction (Q,,). It is very interesting and has never
been reported for immiscible polymer blends that the point
of discontinuity is not matched with the phase inversion
composition. The compositional independencies of storage
and loss moduli arise from the dominant contribution of the
component PB1 to the modulus of the PB1/PDMS blend,
which in turn is related to the ultrahigh viscosity ratio of the
blend (A=162,000). In addition the compositional depen-
dencies of the moduli do not follow the log-additive mixing
(LAM) rule and exhibit very strong positive deviation from
the LAM rule, suggesting that the storage and loss moduli
are not represented by an average contribution from the
dispersed and continuous phases. We also confirmed that the
modulus of the blends and its discontinuity (or maximum
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Fig. 5. (a) Dynamic storage modulus (G') of PB1/PDMS blends (J-series)
without pre-shear. Symbols: J1 (circles), J10 (squares), J20 (diamonds), J30
(hatched squares), J40 (filled circles), J50 (filled squares), J60 (filled
diamonds), J70 (filled triangles), J80 (reversed filled triangles). (b)
Dynamic loss modulus (G”) of PB1/PDMS blends (J-series) without pre-
shear. Symbols: J1 (circles), J10 (squares), J20 (diamonds), J30 (hatched
squares), J40 (filled circles), J50 (filled squares), J60 (filled diamonds), J70
(filled triangles), J80 (reversed filled triangles).

weight fraction) are not virtually affected with three
different pre-shear conditions (0, 0.01, and 0.1 sfl).

In order to study the deformation effect of dispersed
domains on the steady shear viscosity of the immiscible
PB1/PDMS blends, we measured steady shear viscosity (1)
as a function of time at a constant shear rate 0.1 s~ ". Fig. 9
shows the viscosity of the blends with various compositions
(2=0.1, 0.2, 0.3, 0.4, and 0.6). Below the phase inversion
compositions (£ < Q,), the viscosity of the deformed blends
(J10, J20, and J30) with a PB1-dispersed phase decreases at
t<~200 s. The decrease in the viscosity is probably due to
the deformation of the dispersed PB1 domains in the
immiscible PB1/PDMS blend since the breakup of dispersed
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Fig. 6. Dynamic tané of PB1/PDMS blends (J-series). Symbols: J1
(circles), J10 (squares), J20 (diamonds), J30 (crosses), J40 (pluses), J50
(triangles), J60 (hatched squares), J70 (reversed triangles), J80 (tilted
triangles). Inset: An enlarged figure to look at the transition from melt-like
to solid-like behavior in the lower frequency region (0.1 <w10 rad/s).

domains in shear flow is not possible if the viscosity ratios
above 4 [23]. The similar behavior has been reported for
polydiene blends [24,48,53]. Above the phase inversion
(2> Q,), however, the J40 and J60 blends with a PDMS-
dispersed phase exhibit almost time-independent constant
values of viscosity, suggesting the viscosity of these blends
are not affected by the breakup and/or deformation of
dispersed PDMS domains.

The steady shear given to the PB1/PDMS blends does not
affect the viscosity to a significantly noticeable extent for
the J40 and J60 blends whereas it reduces the viscosity of
the J10, J20, and J30 blends. This could be explained by

105:'-'|'-5|"-|-"|--'

G' (Pa)

Fig. 7. Compositional dependence of dynamic storage modulus (G') of
PB1/PDMS blends (J-series) at three different pre-shear rates. The labels
Qy, and Q, are maximum and phase inversion weight fraction of PB1 in the
PB1/PDMS blends, respectively. Symbols: without pre-shear (circles), pre-
shear 0.01 s~ ' (squares), and pre-shear 0.1 s~ ! (triangles).
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Fig. 8. Compositional dependence of dynamic loss modulus (G') of
PB1/PDMS blends (J-series) at three different pre-shear rates. The labels
Qy, and Q, are maximum and phase inversion weight fraction of PB1 in the
PB1/PDMS blends, respectively. Symbols: without pre-shear (circles), pre-
shear 0.01 s~ (squares), and pre-shear 0.1 s~ ! (triangles).

dwelling on an extended version of Taylor’s theory [54,55]
that the deformation of the dispersed domains depends on
the interfacial tension between continuous and dispersed
phases as well as the externally induced flow characteristics.
If the dispersed phase is more viscous than the continuous
phase, the external flow would be an only governing factor
for the deformation of the droplet [56]. Nevertheless, the
effects due to the external flow on the deformation of
dispersed domains are negligible for the phase inverted J40
and J60 blends, where the less viscous PDMS is dispersed
phase while the more viscous PB1 is continuous phase and
the viscosity ratio is extremely small, A= 1/162,000.
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Fig. 9. Steady shear viscosity of PB1/PDMS blends (J-series). Symbols: J10
(circles), J20 (squares), J30 (diamonds), J40 (triangles), and J60 (reversed
triangles).

3.3. PB2/PDMS blends with high viscosity ratio (A=37)

Fig. 10 shows optical micrographs of two-phase PB2/
PDMS blends under quiescent conditions. The dispersed
phase of PB2 appears as bright domains while the
continuous PDMS phase is shown as dark color in the
K10, K30, and K50 blends. In contrast the dispersed PDMS
domains are shown as dark color and have a broad size
distribution in the K90 blends. In particular, the K70 blend
shows more complicated morphology; the dispersed phase
shows the bright domains with dark rims while the
bicontinuous-like matrix phase having mixed colors of
dark and bright is shown as a background image. We thus
determine the phase inversion composition as Q,=0.7 for
the PB2/PDMS blendss (K-series) at a quiet pre-shear
condition. It is clear that the dispersed phase is shown as
bright PB2 domains up to the phase inversion composition.

K10 K70

- —_— v / ———
K30 K90

K50

Fig. 10. Optical micrographs of PB2/PDMS blends (K-series). All scale
bars are 250 um.
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Fig. 11 shows the dynamic viscosity (') of the
immiscible PB2/PDMS blends for a wide range of PB2
weight fractions (0.1-0.9). The blends (K10, K30, and K50)
exhibit Newtonian fluids behavior at all frequencies, while
the K70 and K90 blends are characterized as very weak
shear-thinning fluids over all frequencies tested in this work
(0.1 <w <100 rad/s).

Fig. 12(a) and (b) shows the storage and loss moduli for
the immiscible PB2/PDMS blend at the various weight
fraction of PB2 (2=0.1, 0.3, 0.5, 0.7, and 0.9). We see a
systematic increase in both G’ and G” until  <0.7. There
are big jumps in modulus for W=0.7, while relatively small
increases in loss modulus compared to those of the K50
blend in the terminal regime. Interestingly, the storage
modulus decreases while the loss modulus slightly increases
with an increase in Q from 0.7 to 0.9. Also, the exponents of
the power-law equation in the storage modulus of the blends
are much smaller than 1.0 for all blends, indicating that the
interfacial force between two phases has a non-negligible
contribution to the storage modulus of the blends. If the
blends are immiscible or phase-separated, the exponent
values in the storage and loss moduli are typically less than
2.0 and 1.0 in the terminal regime, respectively. It has been
reported that the experimental values of the power-law
exponents in the terminal regime of G’ vary between 0.5 and
1 for polydispersed homopolymer [57], two-phase polymer
blends [24,48,58], diblock copolymers [59-61], and poly-
mer-clay nanocomposites [27,28,44-47]. In contrast to the
storage modulus, the loss modulus shows a typical value of
1.0 for all concentrations. The loss modulus has been shown
to be either insensitive or less sensitive [27,28,62] to the
interface of phase separated or immiscible polymer blends.

Figs. 13 and 14 show the compositional dependencies of
the dynamic storage and loss moduli at a frequency of
0.1 rad/s for the immiscible PB2/PDMS blends, respect-
ively. A systematic increase in G’ and G” with an increasing
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Fig. 11. Dynamic viscosity (1) of PB2/PDMS blends (J-series) without a
pre-shear. Symbols: K10 (circles), K30 (squares), K50 (diamonds), K70
(triangles), k900 (reversed triangles).

PB2 weight fraction is clearly shown up to the phase
inversion, Q,=0.7, and the discontinuity observed in the
plot of G’ vs. Q and G” vs. Q is observed at Q=Q,.
Moreover, the storage modulus decreases dramatically
whereas the loss modulus increases slightly with an
increasing Q from 0.7 to 1. This means that the viscoelastic
contribution due to the interfaces between PB2 and PDMS
phases is comparable to those of each component before and
after phase inversion in the case of the PB2/PDMS (K-
series) blends. In contrast to the PB1/PDMS (J-series)
blends, the phase inversion (£,=0.7) is exactly matched to
the point of discontinuity (2,,=0.7) in the compositional
dependence of the storage and loss moduli in the PB2/
PDMS (K-series) blends.

4. Concluding remarks

We have conducted a systematic study of the rheological
properties, morphology, and phase inversion of two
immiscible polymer blends of PB1/PDMS and PB2/PDMS.
The PB2 and PDMS homopolymers exhibit Newtonian
fluids behavior while a high viscosity PB1 homopolymer
exhibits non-Newtonian fluids behavior. The addition of an
ultrahigh viscosity polymer PB1 to the matrix of a very low
viscosity polymer PDMS has resulted in the formation of
polymer nanocomposite-like blends with an ultrahigh
viscosity ratio (A=162,000) and its viscoelastic behavior
is similar to those of polymer/clay nanocomposites.

Though we have two immiscible blends (J- and K-series)
with very high viscosity ratios, we have observed very
distinct viscoelastic behavior as well as unusual structure—
property relationships, such as a mismatch between phase
inversion and discontinuity in the J-series blend. We have
identified the phase inversion compositions of two immis-
cible J- and K-series blends as Q,=0.35 and 0.7,
respectively, by using optical microscope. Also, we have
determined the point of discontinuity in the storage and loss
moduli as 0.25 (J-series) and 0.7 (K-series) by using
rheological methods [5,24]. We should note that these two
critical points of phase inversion and discontinuity are not
identical for the PB1/PDMS blend (J-series) while we see an
exact match for the PB2/PDMS blend (K-series). In
particular, the viscoelastic properties of the PB1/PDMS
blend exhibit plateaus and these values are identical to those
of PB1 in case of Q> Q..

In regards to the mismatch between Q,, and Q,, for the
PB1/PDMS blends, the reason for the discontinuity in the
compositional dependence of the viscoelastic properties
could not be attributed to the breakup of a dispersed phase
nor the phase inversion because, when the viscosity ratio of
a polymer blend is greater than 4, the highly viscous
dispersed domains are too viscous to be substantially
deformed by a low viscous matrix, and thus the breakup
with steady or oscillatory shear is hampered [63—65]. In this
case, the flow field of a low viscous PDMS matrix is not able
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Fig. 12. (a) Dynamic storage modulus (G’) of PB2/PDMS blends (K-series) without pre-shear. Symbols: K10 (circles), K30 (squares), K50 (diamonds), K70
(triangles), K90 (reversed triangles). (b) Dynamic loss modulus (G”) of PB2/PDMS blends (K-series) without pre-shear. Symbols: K10 (circles), K30

(squares), K50 (diamonds), K70 (triangles), K90 (reversed triangles).

to sufficiently transfer the applied shear stresses to the
highly viscous dispersed phase of PB1.

In addition the droplet size is almost invariant during the
dynamic shear measurements if the strain amplitude (v) is
less than 0.25 [65] or the viscosity ratio (A) of polymer
blends is greater than ~4 [21,66], which are both the cases
in our experiments (y=0.1 and A>>4). In order to attain a
good dispersion in a physical mixing process of immiscible
polymer blends, the dynamic and viscous forces acting on
the surface of a small domain during shear will tend to break
or deform it. In contrast, the interfacial tension between the
matrix and the dispersed phase will tend to resist these
forces to maintain the shape of domain. When the dynamic
and viscous forces become larger than the interfacial forces,
the domain deforms and eventually breaks into smaller
domains. But if the interfacial forces exceed the dynamic
and the viscous forces there would be the coalescence of
domains [12,67-69] although the domain sizes were not

affected by the pre-shear owing to the very high viscosity
ratio of the blends [69].

However, in the case of polymer blends with a low viscosity
ratio (4 <4), the pre-shear may determine the domain size of
the J-series and K-series blends with Q> Q,,. The higher pre-
shear rate will produce the smaller domain size [70]. In
contrast, in our J-series blends, the viscosity ratio of the blend
becomes very much smaller than 4 after phase inversion, which
means that the domain size of the dispersed PDMS phase could
be broken up into smaller domains. But the viscoelastic
properties of the PB1/PDMS blends having PDMS domains
(J40, J50, J60, J70, and J80) are not affected by the breakup of
the dispersed PDMS domains. This is probably due to the
ultrahigh asymmetry in the viscosity of the blend components
and the very strong contribution of the higher viscosity PB1
component to the viscoelastic properties of the blends.

In this paper, we have attempted to demonstrate the effects
of ultrahigh viscous asymmetry on the structure—property
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relationships of immiscible polymer blends with rheological
and morphological approaches, and we hope that this work
will motivate to develop advanced polymer nanocomposite-
like multi-phase materials.
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