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ABSTRACT: Viscoelastic polymer blends of polybutadiene (PB)/low vinyl content polyisoprene (LPI), with a
lower critical solution temperature (LCST), show interesting rheological behaviors in temperature ramp
measurements. In this report, a systematic study has been carried out, and the underlying physics has been
investigated for the storage modulus G′ at various temperatures and shear frequencies as the system passes through
the binodal and the spinodal phase boundary lines. We considered the nucleation mechanism, spinodal fluctuations,
shear induced mixing, and rheological models in the interpretation of these interesting phenomena. Shear induced
mixing is varied in our system, and the frequency dependence is obvious. Competition between the kinetics of
the nucleation process and the droplet growth process has a prominent effect on the storage modulus for samples
of noncritical compositions, while for samples with near-critical compositions the morphological evolution is
responsible for the viscoelastic changes. Time-dependent experiments provide important information about
morphological evolution at different temperatures. The region where fluctuations play a dominant effect on G′
can be discerned from our treatment of putting G′ and {G′(ω)/[G′′ 2(ω)T]}2/3 in the same reference frame. On the
basis of the results from both heating and cooling processes, it seems that there also exist competition between
fluctuations and interfacial gradient on the determination of the value of G′.

Introduction

Phase separations in polymer systems were extensively
investigated during the past 40 years both theoretically and
experimentally.1-10 Phase separation kinetics in the unstable
region, which is also called spinodal decomposition, is fairly
well understood.5-10 However, recent developments show that
the nucleation process in polymer phase transitions11-15 may
be more complicated than the traditional theoretical descrip-
tion,16 which is suitable for most first-order phase transitions
of one-component systems. Wang et al.17,18 pointed out that
fluctuation corrections to the mean field theory for polymer
blends would bring out the metastable limit naturally. Balsara’s
experiment11,12 showed that there is no natural difference
between metastable region and spinodal region, implying that
the nuclei are created by fluctuations, and their structures are
diffusing and self-similar. The research13 of Han et al. about
simultaneously happened liquid-liquid phase separation and
crystallization also suggested that the crossover of order
parameters from one phase transformation to another may be
possible. Like the study on nucleation and growth in metastable
region, phase transitions in nonequilibrium state still remained
as a largely unexplored area waiting to be studied. Phase
separations under shear field are of both theoretical and practical
importance. With respect to polymer blends, both shear induced
mixing and shear induced demixing have been reported be-
fore.19,20 Using time-resolved light scattering and neutron
scattering, Han, Hashimoto, and Higgins et al.19-21 have devoted
lots of efforts in experimental studies and with many exciting

results, which can be interpreted by theories developed by Onuki
and Kawasaki.22-24 But there are still many important questions
yet to be answered.25

At the same time rheological measurements are often being
used to study these processes and also have made many
important advancements.26-34 Taking advantage of rheology,
these results are of crucial importance as applications are
concerned. On one side, the phase-separated structures like
droplet-matrix structure and bicontinuous structure in polymer
blends can be reflected by rheological responses through the
frequency dependence of storage modulus G′.33-37 The inter-
facial tension of the dispersed phase prolong the whole
relaxation spectra of the blend and results in a slowing down
in the relaxation processes. Expressions have already been
obtained to describe the behavior of droplet-matrix morphology
in whole frequency space, while the situation is not so fortunate
for the bicontinuous structure. On the other side, the fluctuations
near the critical point of a blend, where the mass fluctuation is
accomplished through the reptation of molecular chain, induce
extra shear stress and hence elevate the storage modulus G′ and
the loss modulus G′′ to a large extent. Ajji and Choplin were
the first ones to deduce expressions38 to evaluate the fluctuation
effect on storage and loss modulus in homopolymer blends.
Experimentally, Vlassopoulos, Madbouly, and Wang et al.26-29

also extended this analysis to the off-critical components, and
they believe that there also exists a fluctuation dominant region
in metastable state. But until now researchers26,27,29,33 are
arguing about which factor, interface or fluctuation, dominates
in the phase separation process both near and away from the
critical point. However, it still seems to be an important success
for both theorists and experimentalists who worked on this
rheological problem in the past 20 years.

In this paper we take the advantage of our knowledge on
shear-induced mixing,19-21 newly discovered nucleation mech-
anism,11,12 and the Ajji and Choplin treatments38 to analyze the
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origin of rheological behavior in the temperature ramp test and
the nucleation phase separation kinetics.

Theoretical Background

The determination of binodal and spinodal points by rheology
is widely used. We will summarize some of the previous
techniques which have been used in the detection of the phase
diagram. The temperature sweep or ramp process with fixed
frequency and strain amplitude26-29 is normally used to measure
the binodal temperature. The point at which the storage modulus
G′ starts to increase (for low critical solution temperature
systems) is usually defined as the binodal point. Thus, the
time-temperature superposition principle (TTS) loses its cor-
rectness at this point. In the metastable region the nucleation
phase separation process will create tiny dispersed regions in
the matrix and introduce such a local concentration increase.
But the detection of dispersed phase only occurs in enough
quench depth of metastable region, and the hysteresis of upturn
in G′ is inevitable.28 Besides, what we should keep in mind is
that the growing concentration fluctuation in metastable region
may elevate G′, too.39 Because of this there is no strictly defined
formula for the nucleation theory, and we could not qualitatively
calculate where the “real” binodal point is and the frequently
used TTS method may not be so accurate. On the other hand,
for near-critical composition, the basis of the upturning G′ is
attributed to the large fluctuation in the metastable region or
near critical region, which results in excess stress.

The determination of spinodal point is a little bit complicated
and not so straightforward. Ajji and Choplin used the mean field
method38 in analyzing G′ and G′′ which is frequently used to
estimate the spinodal temperature. In turn, this is developed
following Fredrickson and Larson’s treatment39of order-
disorder transition in block copolymers. Here we will briefly
review their work and together with some of our considerations.
Fredrickson and Larson established the relationship between the
Fourier space vector and storage modulus G′ and loss modulus
G′′ under the mean field condition by integrating through the
whole space:
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where �(k) ) k2S0
-1(k)λ(k), S0(k) is the static structure factor,

λ(k) is the Onsager coefficient, and k is the wave vector. These
equations are suitable for both block copolymers and binary
homopolymer blends. Then they take de Gennes’ expression
for static structure1 factor under random phase approximation
and neglecting higher order terms

S0
-1(k)) 2(�s - �)+ [ 1

φN1

Rg1
2

3
+ 1

(1- φ)N2

Rg2
2

3 ]k2 (3)

where �s designates the interaction parameter in the spinodal
point, � is the interaction parameter, Rgi denotes the radius of
gyration of species i, and Ni is the number of statistical segments.
With the expression for the Onsager coefficient described by
Binder,3 then
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where ai is the statistical segment length of repeated unit for
species i and Wi its rate of reorientation, with definition

Wi ) 3πkBT/�i (5)

with �i the monomeric friction coefficient. Finally, they obtained
the G′ and G′′ expressions for the terminal flow region near the
critical point
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From the above calculation, they concluded that G′ is more
sensitive to temperature than G′′ if simply writing � as � )
A + B/T. They also found something interesting when
calculating the ratio G′(ω)/G′′ 2(ω) by substituting Rgi to be
Rgi ) Niai

2/6
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Since the correlation length in polymer blend can be expressed
by
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where a′ is the characteristic length which related to individual
unit length ai as
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so the final expression of the ratio could connect to the
correlation length through
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But one of the restrictions of these equations is that the sample
must near the critical point to achieve large enough correlation
length. Assuming a simple form of � to be � ) A + B/T,26 a
linear relation could be obtained through {G′′ 2(ω)/[G′(ω)T]}2/3

vs 1/T, which lead to an intercept at 1/T axis denoting the
spinodal temperature, Ts. Thus, we could finally obtain the
spinodal point through temperature ramp test under low
frequency.

The interfacial effect in a well phase separated polymer blend
system is prominent. Rheological treatments were independently
developed by Palierne, Bousmina, and Lee et al.,40-43 in which
the calculations have been proven to be quite good and
useful.44,45 Here we take the most widely used Palierne model
as an example to analyze our dispersed system. If we assume
that the interfacial tension and the variation of interfacial is
independent of local shear at low frequency, which also means
that there is no shear induced mixing, a simplified version for
complex modulus41,44 could be obtained as

G′blend ) (φAG′A + φBG′B)+
ω2η0(τ1 - τ2)

1+ω2τ1
2

(12)

G′′ blend ) (φAG′′ A + φBG′′ B)+
ω2η0(1+ω2τ1τ2)

1+ω2τ1
2

(13)

where φA and φB are volume fraction of components A and B.
η0 is the zero-shear viscosity of the blend mixture, and τ1 is the
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longest relaxation time while τ2 is a retardation time and
expressed as

η0 ) ηm
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where λ ) ηd/ηm is the ratio of viscosity between dispersed
phase and matrix phase, φ is the volume fraction of dispersed
droplet phase, σ is the interfacial tension, and R is the averaged

droplet radius. There is one crucial restriction on the morphology
of our system when applying these expressions, that is, the radius
distribution of the droplets cannot be too wide, i.e., more than
2.2.41

The first theory considers no interface effect while the second
one does not introduce fluctuation effect. In other words, one
is for a system undergoing with large concentration fluctuations,
and the other is for a phase separated droplet-matrix system
with defined interfaces. But the incorporation of both of these
two analyses in the interpretation of rheological behavior is
crucial. Because different phase conditions of polymer blends
will determine which effect, fluctuation or interface, gives the
main contribution to the viscoelastic behavior.

Experimental Section

Materials. The polymers used in this research were synthesized
by Beijing Yanshan Petrochemical Co., Ltd. The two statistical
polymers, polybutadiene (PB) and low vinyl content polyisoprene
(LPI), were characterized by gel permeation chromatography (GPC),
2H nuclear magnetic resonance (NMR), volume exclusion density
measurement apparatus, and differential scanning calorimetry
(DSC), and the detailed results are summarized in Table 1. Polymer
blends were prepared by the solution blending method.44 PB/LPI
blend is labeled as LPIx, where x represents the weight fraction of
LPI in the blend. For example, LPI80 means that LPI contained of
the sample is 80 wt %. We started with a dilute solution (mass
fraction of 2% of the total polymer), which contains the antioxidant
butylated hydroxytoluene (BHT) with mass fraction 0.05% of the
solution, in a solvent of methylene chloride.44 Then the solution
was filtered through a 1 µm Millipore filter, and the solvent was
evaporated at 35 °C with stirring. Samples were further dried in
vacuum oven at 15 °C for a week in order to remove the remaining
methylene chloride.

Rheological Measurements. The viscoelastic properties of
samples were obtained with an ARES rheometer. We chose the 25

Figure 1. Strain dependence of the storage modulus of LPI80 is shown,
with frequencies of 0.25 and 1.0 rad/s at 30 and 130 °C, respectively.

Figure 2. (a) Static LCST phase diagram of PB/LPI blend is estimated by a least-squares fitting of the experimental data. (b) Illustration of frequency
dependence phase diagram. (c) Frequency dependence of the apparent binodal points of LPI80. (d) Frequency dependence of the apparent binodal
points of LPI20.
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mm parallel plates with gap value of 500 µm to execute our
measurements. All of our experiments were carried out under the
protection of nitrogen to prevent degradation of thermal sensitive
elastomers. All samples were kept at 4 °C in a refrigerator and
then put into a vacuum oven at 20 °C for 2 days to remove air
bubbles before experiment and to ensure the same thermal history.
In temperature ramp and frequency sweep experiments the strain
amplitude was set at 10% to make sure all experiments are carried
out in the “apparent” linear viscoelastic region for each of the two
sweeps. Actually, this “apparent” linear viscoelastic region is a
steady state; just for convenience we used the language “apparent”
linear region. This is related to the essential issues of this study
which will be discussed through out the rest of this paper. The
temperature ramp rate is 1 °C/min for most experiments and
frequencies. The exception is LPI80 under 0.25 rad/s; we adopted

a different ramp rate in some temperature region just for compari-
son. Temperature control in the rheometer is carried out by hot
nitrogen gas with accuracy of (0.1 °C. All the experiments started
from 30 °C, at which temperature samples are already in the phase-
separated region except LPI80. The maximum shear rate under
oscillatory shear of 0.25 and 1 rad/s are not too big, and the values
are 0.025 and 0.1 s-1, respectively, which are not too large to cause
excessive shear mixing.

Optical Microscopy (OM). The phase contrast optical micro-
scope (PCOM) observations were carried out using an Olympus
(BX51) optical microscope and Olympus (C-5050ZOOM) camera.

Figure 3. (a) Frequency dependence of the storage modulus G′ of LPI60 with different annealing time at 90 °C. Photograph of typical droplet-
matrix morphology for LPI60 after annealing at 90 °C for (b) 15, (c) 30, (d) 60, (e) 90, and (f) 120 min. The scale bar is the same for each
photograph.

Table 1. Characterization Data of Polymers

microstructure, mol %sample
code

Mn

(g/mol) Mw/Mn

density
(g/cm3)

Tg

(°C) 1,4- 1,2- 3,4-

PB 55 000 1.10 0.877 -97 89 11 0
LPI 34 000 1.50 0.895 -63 88 0 12

Table 2. Average Radius of Droplet in LPI60 at 90.0 °C with
Different Phase Separating Time

LPI60 15 min 30 min 60 min 90 min 120 min

number-average radius
Rn (µm)a 5.3 7.7 10.1 11.8 12.6
volume-average radius 6.7 9.9 13.4 17.5 19.6
Rv (µm)a

Rv/Rn 1.26 1.29 1.33 1.48 1.56
a The average radius of dispersed droplet is obtained by averaging at

least 80 droplets in the photograph.
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The experimental temperature was controlled by a Linkam (LTS
350) hot stage. Samples were kept between clean microscope slides
and cover glass with about 30 µm in thickness. Samples were first
phase separated into large domains as temperature increased, and
then the temperature was lowered to find out at which temperature
we could bring the sample back into homogeneous states. This
binary search process is repeated until the binodal point is fixed.

Results and Discussion

The Steady State Region. The advantage of keeping the
experiment in the steady state is to simplify our data analysis
and discussion and also to make contact with reported literature
results. In our frequency or temperature sweep tests, we used
small strain amplitude of 10% to keep all the experiments in
the steady state region. In this region, the modulus changes with
time only in the temperature sweep whenever the process of
shear mixing happens, but for constant temperature and the time
scale in our study the modulus remains nearly constant. We
show in Figure 1 the LPI80 strain sweep experimental results
to illustrate this.

Shear Induced Mixing Effect. Although there is a well-
defined theory for the phenomenon of shear induced mixing
under steady shear flow or so-called simple shear flow,22-24

interpretations for such a phenomenon under oscillatory shear
are not available. So we just used our basic knowledge under
steady shear and make an analogy between steady shear and
oscillatory shear. The theory of MCRG22-24 (mode coupling
renormalization group) is often used to interpret the shear
induced mixing phenomenon. The origin of the shear induced
mixing phenomenon can be understood intuitively regardless

of the underlying complicated physics. For a shear rate γ̇,
fluctuations with relaxation time slower than γ̇-1 are distorted,
then the shear induced mixing phenomenon happens naturally.
Similar systems to what we used here have been studied before,
and the phenomenon of shear induced mixing took place under
steady shear flow.46,47 The static binodal points of Figure 2a
are obtained with optical microscopy with procedures explained
in the previous section of Optical Microscopy. The apparent
“spinodal points” are extrapolated by a frequency-dependent
method as will be discussed below. The binodal line and the
apparent “spinodal line” are all obtained by polynomial fit to
guide the eye. The effect of oscillatory shear can also suppress
the fluctuations and shift the apparent phase separation tem-
perature or delay the phase separation process in a temperature
sweep experiment. The influence of oscillatory shear on phase
diagram is illustrated in Figure 2b. Figure 2c shows three LPI80
temperature ramp experiments with two different frequencies,
where the ramp rate is fixed on 1.0 °C/min, and we define the
point where the differential of G′ on T equals 0 as the apparent
binodal point. The promoted cloud points under frequencies 0.25
and 1 rad/s correspond to 70.5 ( 1 and 78.0 ( 1 °C, res-
pectively. Compared to the static binodal point of 44.5 °C in
Figure 2a, it is clear that under the oscillatory shear the cloud
point changed a lot. Figure 2d shows the elevated cloud points
of LPI20 under frequency 0.25 and 1 rad/s; the corresponding
temperatures are 43.5 ( 1 and 46.5 ( 1 °C, respectively,
compared to the quiescent cloud point (extrapolated) from Figure
2a of below 20 °C. But in samples LPI40 and LPI60, which
will be discussed later, we could not obtain any clear shear
induced binodal point with the low frequencies we have used.

Figure 4. Temperature ramp test results of G′ with strain of 10% for LPI80 under frequencies of (a) 0.25 rad/s and (b) 1.0 rad/s, during which the
ramp rate is varied. The time dependence of the storage modulus G′ of LPI80 when achieved at (c) 75 °C and (d) 95 °C with frequency of 0.25
rad/s and strain of 10%. Level lines are only the guides for the eyes.
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Their temperature ramp curves in Figure 5 do not show any
rapid upturn, indicating that large phase separated structures
have already formed and the blend has lost the ability to form
structures through the nucleation-growth process.

Analysis of the Storage Modulus in a Temperature Ramp-
ing Process and the Corresponding Phase Separation Mech-
anism. In the heating process, the slightly phase separated LPI20
and homogeneous LPI80 show similar viscoelastic behavior as
illustrated in Figure 2c,d. Slightly phase separation in LPI20 did
not change the local concentration too much, and it still has
the ability to nucleate in the metastable region under shear.
These two samples hold a similar nucleation process which will
be discussed later again and naturally gives a similar rheological
response. The quantitative difference between G′s with different
ramp rates can be interpreted by the following mechanism.

The storage modulus G′ will change while increasing the
dimension of dispersed phases in the intermediate frequency
region, 0.1-1 rad/s. This result is shown in Bousmina’s

numerical analysis on Palierne model with changing the ratio
of R/σ without any experimental basis.48 Here we fix all of the
parameters except the droplet dimension R and let
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It is obvious in eq 19 that there exist a critical radius Rc )
(C1ω)-1 for the storage modulus G′. Below this critical
dimension G′ will increase with the increasing of the droplet

Figure 5. Temperature dependence of G′ with frequency of 0.25 rad/s, strain 10%, and ramp rate of 1.0 °C/min for (a) LPI40 and (b) LPI60. The
circled temperature is the location of time sweep experiments, and linear lines are indications of the linear part in G′; a typical bicontinuous
structure is shown in (c) LPI40 and (d) LPI60. (e) Time dependence of G′ of LPI60 with frequency of 0.25 rad/s and strain of 10% at 80 °C. Lines
are only guides for the eyes.
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radius R while above this value G′ will decrease with the
increasing R. But the loss modulus G′′ will always decrease
with the increasing R. Here we did a numerical calculation on
the sample LPI60, assuming that the interfacial tension remains
constant at high temperatures during the late stage of phase
separation.44 The unknown interfacial tension is estimated to
be around the order of 1 mN/m;44 the matrix viscosity ηm is
approximated by the pure LPI, 705 Pa · s; the droplet viscosity
is substituted by that of pure PB, 673 Pa · s; and the dispersed
phase with volume fraction φd as 0.406; all these data except
volume fraction are at 90 °C. Obviously such treatments are
not suitable for nucleation process when the new phase volume
fraction is continuously increasing. But once the dispersed
volume is constant and the interface is well-defined, our analysis
can be qualitatively correct. On the basis of these values, the
relaxation time τ1 ) 2.117 × 106R(s) and the retarding time τ2

) 1.076 × 106R(s) are obtained as functions of droplet
dimension R. The critical radius Rc is 4.724 × 10-7ω-1(m).
The storage modulus of homogeneous components in high-
frequency region (10-100 rad/s) is very large, where the
interfacial tension does not contribute too much to its value.
On the contrary, in the low frequency region (0.1-1 rad/s), the
storage modulus is controlled mainly by the interfacial tension.
Under the frequency of 0.25 rad/s, the critical dimension of Rc

is about 2 µm.
We placed the sample LPI60 under 90 °C, deep enough

quench to eliminate the effect of volume fraction change for
different times, and then executed the frequency sweep mea-
surements. Figure 3a illustrates the difference of frequency
sweep curves with different annealing time at 90 °C. The
“shoulder” value of G′ in the 0.1-1 rad/s region decreases with
the phase separating time. The microscopy graph in Figure 3

clearly shows that the dimension scale of droplets grow with
the phase separating time. The average radius of droplet in Table
2 shows that the dimension of the dispersed phases is already
larger than the estimated Rc after phase separating for 15 min
at 90 °C. Thus, the results in Figure 3a only exhibit the
decreasing effect of droplets dimensions (increasing) on G′. The
single positive effect of radius of droplet is not observed in
this case. However in the case of Vinkier et al.,33 they have
provided a positive slope affected by both volume fraction of
dispersed phase and the radius of droplets in binodal region.
The increasing of dispersed phase volume or, in other words,
the increasing number of droplets provides more interfaces,
which will certainly prolong the relaxation time of polymer
blend and promote the storage modulus. These two factors are
related to two different kinetic processes, and we will pay more
attention to this in the following discussion.

In metastable region, kinetic competitions for structures
formation also existed, which will in turn affect the viscoelastic
properties. According to the newly published results,11-13 the
nuclei are not solids with sharp interface, also they do not have
regular shape as described by traditional theory described.16

They are maybe just tiny regions with diffused boundaries and
irregular shapes;11-13 as a result, the effect of such interfaces
which affect the rheological behavior must follow the appear-
ance of unambiguous interface structures. On the basis of the
above discussion, the formation of droplet must have two steps
of kinetic processes. The formation of nuclei and the growth of
a droplet with a clear defined interfacial structure. Thus, the
two kinetic processes will affect each other in the whole
metastable region as long as the blend has strong enough
fluctuations to continuously bring out the nuclei. Our experi-
mental work can be interpreted very well by this nucleation

Figure 6. Temperature dependence of the storage modulus G′ in cooling process with frequency of 0.25 rad/s, strain of 10%, and ramp rate of 1.0
°C/min for (a) LPI20 and (b) LPI80 and the corresponding time dependence experiment at the circled temperature with the frequency of 0.25 rad/s
and strain of 10% for LPI80 at (c) 95 °C and (d) 65 °C. Level lines are only guides for the eyes while arrows are the indication of cooling process.
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and growth mechanism. We vary the temperature ramp rates to
0.2, 0.5, and 1.0 °C/min with a fixed frequency of 0.25 rad/s in
the temperature range of 60-90 °C for LPI80 as shown in
Figure 4a; the heating rate is 1.0 °C/min for the remaining parts
of all experiments. This procedure changes the time scale while
passing through the metastable region for LPI80. It is obvious
in Figure 4a that the resulting differences on storage modulus
are prominent. The discrepancy of obtained binodal points in
these three experiments can also be found elsewhere28 and was
interpreted by the slow kinetics of nucleation compared with
temperature ramp rate. Then the maximum of G′ is reached near
90 °C independent of the heating rate, which means that the
nucleation-growth kinetics was ceased and replaced by the
spinodal decomposition kinetics if the phase separation has not
reached its coexistence compositions yet. The maxima of G′
are very different in their height, which can be attributed to the
different average size of droplets. If we reduce the speed while
passing through the metastable region more nuclei will be
formed, but at the same time the growth of these tiny droplets
will also gain more duration. It is believed in our case that at
the end of binodal region the droplet size is much larger than
Rc, and the negative effect of large droplet dimension on G′ is
more prominent than the positive effect of the number of
droplets on G′. Eventually the effect of droplet growth on G′
wins in the competition with nucleation. If the nucleation kinetic
has more contribution than the growth, the result will be
inversed. This is shown in Madbouly’s work; the higher the
temperature ramp rate, the lower the storage modulus G′.28 Thus,
we conclude that the kinetic competition between nucleation
and nuclei growth determines whether the slowing down of
temperature ramp rate will produce higher or lower maximum
of G′ before crossing into the unstable region. The viscoelastic
evolution in the unstable region, where only dimension and

constitution of droplets evolve, is totally different from the
metastable one. We could observe the rapid decrease of the G′
because of the rapid growth of droplets and nearly constant
interfacial tension.44 Figure 4b illustrate the LPI80 temperature
ramp experimental results from two different ramp rates under
the frequency of 1 rad/s, and it shows a similar trend as in Figure
4a. The disappearance of upturn of G′ in Figure 4b in the 0.2
°C/min ramp rate test may be caused by the large droplet size.

Time-dependent experiments of LPI80 are also carried out
after temperature ramp to certain temperatures under frequency
of 0.25 rad/s. Figure 4c,d shows the kinetics of phase separation
at different phase conditions. Because of the nucleation in the
metastable region at 75 °C, the storage modulus increases
rapidly, and it was stabilized after more than 1 h. Then the
interesting wavelike oscillation of G′ continued as is shown in
Figure 4c. In other experimental measurements, such a syn-
chronized phenomenon was not observed, except in the tem-
perature dependence experiment in Figure 7a which shows
similar results. We are sure that this phenomenon is not
introduced by the systematical error of our instrument and is
probably caused by the coupling of the droplet shape change
period (relaxation time) with the periodical measurements, and
further investigation is definitely needed in the future. At 95
°C in Figure 4d the time-dependent result only shows a little
increase in the first 10 min and then become nearly stable. Such
weak increase may be due to the increase of interfacial tension
as the component in dispersed phase changes, and the system
should be into the unstable region already.

Unfortunately, for samples LPI40 and LPI60 there are no
obvious nucleation characteristics from the temperature ramp
curves, as shown in Figure 5a,b. The shear effect due to our
low-frequency shear is probably not so significant in these deep
phase separation cases. In Figure 5c,d, we can clearly see that

Figure 7. Temperature dependence of the storage modulus G′ in cooling process with frequency of 0.25 rad/s, strain of 10%, and ramp rate of 1.0
°C/min for (a) LPI40 and (b) LPI60 and the corresponding time-dependent experiment at the circled temperature point with the frequency of 0.25
rad/s and strain of 10% for LPI60 at (c) 80 °C and (d) 45 °C. Lines are only guides for the eyes while arrows are the indication of cooling process.
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the bicontinuous structures have already existed in the two
samples after the treatment of removing the air bubble in
vacuum. The nucleation ability is eliminated by the fact that
these samples are already into the unstable region and bicon-
tinuous structures have already formed. Three linear regions of
storage modulus can be distinguished under the temperature
ramp test at 0.25 rad/s, which may be related to the morphologi-
cal evolution from bicontinuous to droplet-matrix structure. Such
a kind of conclusion needs more support from microscopic
results, which we will try in the future. Figure 5e shows the
time sweep result of LPI60 at 80 °C. The storage modulus G′
was continuously decreasing for 2 h, which was obviously due
to a continuous morphological evolution. The only thing we
can speculate at this time is that the bicontinuous structures have
went through a coarsening and breakup stage (the second linear
region), and continuous coalescence and growth of droplets can

only led to a reduction of interfacial contribution to the measured
G′. This explanation is consisted with the third linear stages in
both Figure 5a and Figure 5b and also with the time dependence
of data shown in Figure 5e.

Viscoelastic Response in Cooling Process. In the cooling
curves for LPI20 and LPI80 in Figure 6a,b, G′ decreased a lot
due to the melting of droplets and consequently the decreasing
of interfacial tension. But we must also note that at high
temperatures around 110 °C the storage modulus even increased
somewhat, and the reason is unknown. One possibility is that
during the melting process small structures melt first and large
structures melt slowly.49 The change of discrete size distribution
could cause some transient effect on G′. The time sweep
experiments of LPI80 at 95 and 65 °C during the ramping down
process in Figure 6c,d show that the morphological evolution

Figure 8. Storage modulus G′ and the corresponding calculated value of (G′′ 2/G′T)2/3 in heating processes vs 1/T × 1000 of (a) LPI20, (b) LPI80,
(c) LPI40, and (d) LPI60.

Figure 9. Plots of (G′′ 2/G′T)2/3 vs 1/T × 1000 of LPI80 in heating processes with different ramp rates of 0.2 and 1.0 °C/min under frequencies of
(a) 0.25 rad/s and (b) 1.0 rad/s.
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of off-critical component is very slow. Droplet dimensions were
kept nearly constant in cooling process. For the cooling behavior
in Figure 7a,b of the near-critical samples LPI40 and LPI60,
we could not observe any increase of G′ at high temperatures.
Figure 7c,d shows time sweep characteristic of LPI60 at 80 and
45 °C. It is obvious that at 80 °C the size of dispersed phase is
still increasing. While at 45 °C the shear induced mixing state
may have already achieved, which will be shown in the
following section. And the evolution of storage modulus only
showed a small decrease with the dissolution of discrete
domains, which means that the effect of the interface as well
as the fluctuation effects are becoming weaker.49

Extrapolating to the “Spinodal Points” Figure 8a-d shows
(G′′ 2/G′T)2/3 vs 1000/T results for the four samples during their
heating processes. We need to find the linear part of the plot in
order to extrapolate to the “spinodal point”. This method used

expressions from Ajji and Choplin’s analysis,38 which was
developed under the critical conditions. Once we used this kind
of data treatment, it means that we have already used the
hypothesis that the critical-like fluctuations appear near the
spinodal line. On the other hand, according to Balsara’s
experiments,11,12 there is no divergence of fluctuations while
passing from metastable region into the spinodal region under
quiescent condition. Here we have to assume that the nonequi-
librium situation will show different phase separation mecha-
nisms in metastable and unstable region, although the spinodal
line may be smeared and not very sharp. Also, the structure
factors under weak shear field must remain the same as the RPA
form, which is probably a reasonable assumption.20 Only under
these three premises the extrapolation of linear region is
reasonable to produce the “spinodal point” for noncritical
polymer blends under shear mixing. By such a procedure we
obtained the “spinodal points” for LPI20 and LPI80 at 53.1 (
2.0 and 87.2 ( 2.0 °C at 0.25 rad/s, respectively. But the linear
part in LPI40 and LPI60 is not obvious and can cause large
errors; the acquired “spinodal temperatures” 54.8 ( 2.0 °C for
LPI40 and 60.0 ( 2.0 °C for LPI60 at 0.25 rad/s are just for
reference. It is understandable that the interfacial tension already
take the dominant role in viscoelastic properties in our measure-
ments. The linear regions with different ramp rates for LPI80
under frequency 0.25 and 1 rad/s cannot coincide, as shown in
Figure 9a,b, and lead to different “spinodal points”. The
frequency dependence of LPI80 “spinodal points” is shown in
Figure 10, in which the temperature ramping rates are all 1 °C/
min, and the extrapolated quiescent “spinodal point” is 86.3 (
2.0 °C. But we have to stress again that the extrapolated
“spinodal points” have obvious temperature ramping rate
dependence. Thus, the extrapolation to frequency 0 rad/s will
probably produce a different “spinodal point” with the “true”
quiescent “spinodal point”. By closely examining the linear

Figure 10. Frequency-dependent on apparent “spinodal point” of LPI80
with the temperature ramp rate at 1 °C/min.

Figure 11. Storage modulus G′ and the corresponding plots of (G′′ 2/G′T)2/3 in cooling process vs 1/T × 1000 of (a) LPI20, (b) LPI80, (c) LPI40,
and (d) LPI60.
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regions in Figure 8a,b, we found that the linear regions
correspond to the early stage of nucleation processes of LPI20
and LPI80, where the droplets volume are not too large to affect
the RPA structure factors and the interfaces are not well
developed yet. All the above results point to the fact that during
the formation of nuclei the fluctuations may dominate the
rheological behavior. Then the effect of fluctuations begins to
decrease and interface emerges to take the dominant role in
viscoelastic behavior.

Treatment of cooling process is not suitable to analyze the
spinodal point because the RPA structure factor, which is used
in the theoretical derivation, is completely not suitable for phase-
separated samples. Surprisingly, the linear region existed in
cooling process of every sample as shown in Figure 11a-d.
The corresponding temperature regions of linear part is lower
than that in the heating process for samples LPI20 and LPI80,
but in samples LPI40 and LPI60 it shows opposite results. Again
by comparing G′ with (G′′ 2/G′T)2/3 in the same X-axis, the linear
parts always correspond to the gradual upturn of G′. A
phenomenon like this may imply that in the process of crossing
into the shear induced homogeneous state, interface is smeared
and fluctuations dominate the viscoelastic behavior.

Conclusion

In a system of shear induced mixing with LCST type of phase
diagram, we analyzed the rheological responses in the process
of heating and cooling under low-frequency oscillatory shear.
In the off-critical sample, LPI8, we discussed the effect of
nucleation process on the viscoelastic behavior in metastable
region with the consideration of the viscoelasticity models,
together with fluctuations and some of the newly developed
nucleation theory. We concluded that in the off-critical samples,
like LPI80, the newly born nuclei droplets as well as the growth
of the droplets will both help the increase of storage modulus
G′. But after the crossing over of some critical size, the effect
of growing droplet will actually cause a decrease of the G′.
Whereas in the unstable region the situation is different, no new
nuclei were produced and droplet size increases all the time
while the interfacial tension changes only little. Thus, the storage
modulus G′ decreases all the time. Since all the measurements
were carried out by ramping through the metastable region,
instead of “quench” into the unstable region, for near-critical
samples, like LPI60, three linear regions in G′ vs T have been
observed. These may be related to the morphological evolution,
and more simultaneous microscopic work or scattering experi-
ments are needed in the future. The physical origins of these
two different types of rheological responses are probably due
to the different morphological growth mechanisms in near- and
off-critical samples and the phase separation kinetics in meta-
stable and unstable regions. In order to check kinetics more
closely, we did time-dependent experiments at different tem-
peratures. The time scan results show that the time evolution
for LPI80 type is only noticeable in nucleation and growth
process which are not so prominent in the other temperature
regions (metastable and unstable). While in LPI60 type the
system is already in the unstable region at rheological test, the
dynamical changes are fast and prominent in all the higher
temperatures.

On the next step we used Ajji and Choplin’s theory38 to
extrapolate to the “spinodal points” of our samples. This kind
of generalization in noncritical compositions is based on three
important hypotheses about fluctuations. The linear part in
heating process coincides with the early stage of nucleation
process. The data treatment in the cooling process showed that
the linear region also existed and was controlled by the critical
like fluctuations, which could correlate with the smearing of
interface. It is clear that fluctuations have a significant influence

on the viscoelastic measurements when interfaces are not well
developed. More experiments are needed especially in conjunc-
tion with scattering and/or microscopy in order to better
understand the phase separation kinetics under shear flow.
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