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ABSTRACT: Small amplitude oscillatory shear rheology is employed in order to investigate the linear
viscoelastic behavior of the lower critical solution temperature blend polystyrene/poly(vinyl methyl ether),
PS/PVME, as a function of temperature and composition. At low temperatures, where the mixture is
homogeneous, the dependence of the zero shear viscosity (η0) on concentration is measured and is well-
described by means of a new mixing rule, based on surface fractions instead of volume fractions. Shift
factors from time-temperature superposition (TTS) exhibit a Williams-Landel-Ferry (WLF) behavior.
As the macrophase separation temperature is approached (the phase diagram being established by
turbidity measurements), the blend exhibits a thermorheologically complex behavior. A failure of TTS
is observed at low frequencies, both in the homogeneous pretransitional and in the two-phase regimes.
Its origin is attributed to the enhanced concentration fluctuations, which exhibit a critical slowing down
near the phase boundary in the homogeneous regime, and in the two-phase morphology inside the phase-
separated regime. The anomalous pretransitional behavior can be quantified using a recent mean field
theory, yielding the spinodal temperature. Furthermore, in the two-phase region an intermediate region
of enhanced moduli at low frequencies is observed, followed by flow at even lower frequencies, which is
attributed to the two-phase structure. The linear viscoelastic properties of the phase-separated blends
are, to a first approximation, adequately described by a simple incompressible emulsion model considering
a suspension of droplets of one coexisting phase in the matrix of the other phase.

I. Introduction
The rheology of multicomponent systems, such as

polymer blends and block copolymers, has long attracted
the interest of the scientific and industrial community,
due to the interesting physical problems and the ever-
increasing technological applications.1 Most of the work
carried out to date addresses the rheological behavior
of immiscible polymer blends,2 frequently encountered
during processing; such systems typically exhibit long
relaxation times. The homogeneous region has received
much less attention,3-5 and in particular, the interesting
regime in the vicinity of phase separation has become
the subject of a limited number of investigations only
recently.4-6 Yet, the mechanisms contributing to the
thermorheological complexity, reported when the ho-
mogeneous polymer blend phase separates, are not fully
understood. Related to this problem is the question of
the effects of shear on the phase behavior of polymer
blends. The latter has been the subject of recent
experimental7 and theoretical8 investigations; it is
evident that accurate knowledge of the rheological
behavior at a certain temperature near the phase
separation will lead to a more accurate determination
of the degree of enhanced miscibility (or demixing), ∆T
(temperature difference), with respect to the quiescent
phase diagram. Some of the specific questions which
still remain unresolved include the following: (i) How
do the linear viscoelastic properties change as the blend
phase separates? (ii) Which are the differences between

polymer blends and other multiconstituent systems,
such as block copolymers, that have been studied
extensively near their order-disorder transition?9 (iii)
How can the effects of phase separation on rheology be
quantified? (iv) How can some controversial issues
raised in the literature, namely, by the time-tempera-
ture superposition (or lack of it) of the loss modulus
G′′ 4,5 and the apparent plateau in storage modulus G′
at low frequencies,5a be accounted for? (v) How can the
rheology of a phase-separated system possessing large
glass transition (Tg) contrast between its two constitu-
ents be described?
The above issues are addressed in this paper, which

represents a systematic investigation of the linear
viscoelastic properties of a binary polymer blend as a
function of composition and temperature, i.e. from the
homogeneous to the phase-separated regime. The sys-
tem chosen, a mixture of polystyrene (PS) and poly(vinyl
methyl ether) (PVME), is a lower critical solution
temperature (LCST) blend that has been studied ex-
tensively in the past.3-6,10 Nevertheless, the above
questions mainly arise from the previous works with
PS/PVME. Moreover, it is a good system to study
rheologically in a wide temperature range, since, as will
be discussed in the next sections, the suitable choice of
component molecular weights leads to cloud points in
the range of 100 °C while in the entangled state.
Furthermore, its two components possess a large dif-
ference in Tg’s and this is important because it provides
significant “dynamic contrast” or “dynamic asymmetry”,
as it will become evident below. This asymmetry is
thought to be responsible for the “viscoelastic phase
separation” 11 in such blends.
This paper is organized as follows: molecular char-

acteristics and experimental techniques are presented
in the Experimental Section, section II. Then, section
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III includes a thorough description and evaluation of
the results in the three regimes, namely, homogeneous,
in the vicinity of phase separation, and the two-phase
region. Finally, the main conclusions are summarized
in section IV.

II. Experimental Section

Materials. Samples of PVME with a reasonably low
polydispersity index Mw/Mn were obtained by continuous
polymer fractionation (CPF).10 The original material was the
commercial Lutonal M40, from BASF. The specific sample
used in the present work was a PVME with Mn ) 64 kg/mol,
Mw ) 87 kg/mol, andMw/Mn ) 1.35. Nearly monodisperse PS
with Mw ) 92 kg/mol and Mw/Mn ) 1.03 was obtained from
Pressure Chemical Co., Pittsburgh, PA. Both PS and PVME
are well entangled, since their entanglement molecular weights,
determined from their plateau moduli,12 are Me,PS ) 18 000
and Me,PVME ) 6000, respectively. PVME is known to be
sensitive to chemical degradation, reflected by a yellowish
color, which is representative of oxidation taking place.13 In
order to exclude the possibility of any effects of degradation
on the reported results, we have carried out fractionation and
rheological measurements; the latter confirmed that the
molecular weight and polydispersity, as well as the viscoelastic
properties, remained unchanged throughout the course of this
work. Moreover, it is noted that the color of PVME remained
unchanged; it was off-white with a slight yellow appearance,
as already reported elsewhere.10

Blends of various compositions were prepared from ternary
solutions of PS and PVME in toluene. Firstly, the solvent was
allowed to evaporate at room temperature for about 3 days.
Then the samples were dried under vacuum for 12 h at 40 °C
and for about 2 days at 70 °C, until the solvent was completely
removed, as judged by the constant weight and constant Tg of
the sample. Since PVME is known to be hygroscopic, it was
ascertained that the blends must remain free of moisture, to
avoid any undesirable effects on the phase behavior.
Methods. The phase diagram was obtained by utilizing

turbidimetry. A laser beam of intensity I0 (5 mWHe-Ne laser
at 632.8 nm) was sent through the sample, and the transmitted
intensity (at 0° angle), I, was measured as a function of
temperature, T, upon heating, starting from low temperatures
in the homogeneous regime.
The viscoelastic properties of the blends were measured by

shear rheology. Two controlled stress rheometers were used:
a Rheometric Scientific SR-200 and a Carri-Med CSL-500.
Various geometries were chosen, namely, parallel plates with
diameter 25 or 8 mm and cone-and-plate with diameter 20 mm
and an angle of 1° (Peltier element) or 2° (high temperature
element). Temperature control was achieved either by electri-
cally heated plates or by the Peltier element. In each case
the accuracy was (0.1 °C. The temperature varied from 0 to
135 °C, covering the whole range of blend behavior, from
homogeneous to phase separated. The CSL-500 rheometer
with the cone-and-plate geometries was utilized for the
measurements in the well-homogeneous regime, while the SR-
200 rheometer was employed for the measurements in the
pretransitional and phase-separated states. All measurements
were carried out under N2 atmosphere to prevent any degra-
dation or absorption of moisture. The following small ampli-
tude oscillatory shear measurements were carried out for each
blend at a fixed composition: (i) dynamic time sweeps at a
given temperature and frequency (from 0.1 to 1 rad/s), in order
to obtain steady state and thus ensure that measurements
were performed under “dynamic equilibrium” conditions; (ii)
dynamic stress sweeps at a given temperature and frequency
(0.1 rad/s to 100 rad/s), to determine the limits of linear
viscoelasticity; (iii) isochronal dynamic temperature ramps (at
a given low frequency) by increasing the temperature from the
homogeneous to the phase-separated regime, at a certain
stress and heating rate, in order to determine the effects of
temperature (and in particular phase separation) on the linear
viscoelastic properties of the blend; and (iv) isothermal dy-
namic frequency sweeps from 0.01 to 100 rad/s at a given
stress, in order to determine the behavior of the storage (G′)
and loss (G′′) moduli in the homogeneous, transitional, and

two-phase regimes. Further, in the homogeneous regime,
steady shear measurements, namely creep experiments, were
carried out in order to accurately determine the zero-shear
viscosity, η0, and establish mixing rules.
The glass transition temperatures of the PS/PVME blends

of various compositions, including the pure components, were
measured with a differential scanning calorimeter (DSC), from
Polymer Laboratories, model PL-DSC.

III. Results and Discussion

Determination of the Phase Diagram. For finite
heating rate, q̆, the turbidity of the blend develops in a
finite temperature range which can reach up to 10 °C.
This behavior is likely due to the high viscosity of the
blends (mainly attributed to the “hard” PS component),
which slows down the phase separation. For a given
heating rate, the temperature extrapolated to the onset
of turbidity, T1, is taken as the cloud point temperature,
Tcp. This is shown in Figure 1, which depicts a typical
example of turbidimetric determination of Tcp for a 60/
40 PS/PVME blend (60% per weight in PS), with a
heating rate of 0.1 °C/min. The extrapolated temper-
ature of total darkness, T2, is also indicated in Figure
1. T1 can be reproduced within (1 °C for this heating
rate. The effects of q̆ for a range of values from 0.05 to
1 °C/min on T1 and T2 are illustrated in Figure 2. It is
apparent that neither Tcp(q̆) nor Tcp(xq̆) (not shown
here), yield a linear dependence. For this reason the
data for 0.1 °C/min are taken for the subsequent
considerations in spite of the fact that Tcp still decreases
measurably with a reduction of q̆. According to Figure
2, the errors introduced by this procedure should remain
below 5 °C. The thus obtained phase diagram is
depicted in Figure 3; both the T1 curve (cloud point
curve) and the T2 points are included in this graph. The
error bar at 70 wt % PS is indicative of the reproduc-
ibility of the cloud points. From the experience that the
critical composition is slightly shifted out of the extreme

Figure 1. Intensity (I) of the transmitted laser beam (nor-
malized to the incident intensity, I0) as a function of temper-
ature for 60/40 PS/PVME at a heating rate of 0.1 °C/min.

Figure 2. Dependence of demixing temperatures T1 (b) and
T2 (2) on the rate of heating for a 50/50 PS/PVME blend. Lines
are drawn to guide the eye.
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of the cloud point curve toward the component with the
larger molecular polydispersity,14 it can be inferred that
the critical composition is slightly less than 20 wt % in
PS. It is further noted that in the phase-separated
envelope the samples have the expected cloudy appear-
ance.
For the calculation of the cloud point curve shown in

Figure 3, on the basis of the equality of the chemical
potentials, it is assumed for simplicity that both poly-
mers are uniform. The Flory-Huggins integral interac-
tion parameter, ø, of eq 1, is appropriately adjusted as
a function of blend composition (æ) and temperature (T,
in K) in eq 2, using the following values for the
segmental volume and the number of segments of the
components: Vsegment ) 100 cm3/mol, NPS ) 878, NPVME
) 817.

where æPS and æPVME are the volume fractions of PS and
PVME, respectively, and15

Shear Rheology. Homogeneous Regime. Zero
shear viscosities, η0, are determined from creep mea-
surements according to12

where t is the time (in s), γ(t) the shear strain (%), σ0
the shear stress (in dyn/cm2), and Je

0 the steady state
shear compliance (in cm2/dyn).
The dependence of the viscosity on temperature can

be described by the WLF equation:12

The values for the parameters c1 and c2 of this relation,
obtained from fitting of the η0 data with the above
equation, are given for different blend compositions at
the reference temperature T0 ) 70 °C in Table 1.
The dependence of η0, on blend composition is mea-

sured at 70 °C, where the components are still com-
pletely miscible. Blends with volume fractions of PS
(æPS) g 0.86 have a glass transition temperature (Tg)

above 70 °C and are therefore not studied. The viscosi-
ties of the blends with 0 < æPS e 0.86 are described
within experimental error by the simple relation:16

where the superscripts “fit” serve as a reminder that
these viscosities are fitting values only. The thus
obtained values are 1.58 × 104 P for ηPVME

fit(5) instead of
the measured value of 3.63 × 104 P and 6.1 × 108 P for
ηPS
fit(5). Figure 4 depicts the viscosity as a function of
composition at 70 °C and the corresponding best fit line
(dashed) based on eq (5); because of the pronounced
deviation of the data point for pure PVME, a new
approach17 for the description of the viscosities of
mixtures is tested. It adds a term to the above relation,
taking account for the differences in the molecular shape
of the components, as follows:

where γ is a geometric factor, measuring the difference
between volume and surface fractions. In the present
case, γ and the viscosity of the hypothetical “super-
cooled” melt of polystyrene, ηPS

fit(6), are fitted according
to the above relation on the basis of the measured
viscosity of the pure PVME (ηPVME ) 3.63 × 104 P) and
the measured viscosities of the blends. The results are
γ ) -0.35 and ηPS

fit(6) ) 1.5 × 109 P. The parameter γ
can also be obtained by the group contribution method
using values tabulated by Bondi.18 It is calculated from
the van der Waals volumes and the van der Waals
surfaces of the two polymeric components of the blend,
by the following equation:

where the subscript B refers to Bondi’s method, NF )
FPS/FPVME and NV ) VPS/VPVME, with FA being the van

Figure 3. Cloud point curve of PS/PVME (T1 was taken as
the cloud point temperature, Tcp) obtained with a heating rate
of 0.1 °C/min. The error bar is shown at the 70% PS T1 data
point. The solid line is the calculated curve with the ø of eq
2: T1, b; T2, 2.

∆GC
RT

) 1
NPS

æPS ln æPS + 1
NPVME

æPVME ln æPVME +

øæPSæPVME (1)

ø ) -4.0953 × 10-3 +
0.03164 - 10

T
1 - 0.36æPVME

(2)

γ(t)/σ0 ) Je
0 + t/η0 (3)

log
η0,T
η0,T0

)
c1(T - T0)

c2 + (T - T0)
(4)

Table 1. Parameters of the WLF Equation for
Homogeneous PS/PVME Blends (Reference Temperature

T0 ) 70 °C)

æPS c1 c2(K) æPS c1 c2(K)

0 7.86 218.4 0.43 10.89 210.7
0.17 6.86 153.7 0.67 16.07 232.9
0.25 13.24 304.8 0.77 11.95 155.3
0.33 9.79 203.4 0.86 8.37 74.1

Figure 4. Dependence of the zero-shear viscosity (b) on blend
composition at 70 °C: solid line, fitting with eq 6; dashed line,
fitting with eq 5.

ln η ) æPVME ln ηPVME
fit(5) + æPS ln ηPS

fit(5) (5)

ln η ) æPVME ln ηPVME + æPS ln ηPS
fit(6) +

ln( ηPS
fit(6)

ηPVME
)(γæPSæPVME

1 + γæPS
) (6)

γB )
NF

NV
- 1 (7)
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der Waals surface and VA the corresponding volume of
component A.18 For the PS/PVME blend of this work,
the method yields γB ) -0.15. In view of the fact that
the information on surfaces and volumes stems from
thermodynamic instead of rheological sources and that
polymers instead of low molecular weight substances
are investigated here, the agreement may be considered
reasonable. From the above discussion it is concluded
that eq 6, a mixing rule established for low molecular
weight compounds, can also be applied to the blend
viscosity in the homogeneous regime as function of
composition rather well.
A typical dynamic frequency sweep is depicted in

Figure 5, for a well-homogeneous 40/60 PS/PVME blend
at 90 °C. At low frequencies in the terminal regime,
the expected12 G′ ∼ ω2 and G′′ ∼ ω1 scaling laws are
obtained. Note that the maximum strain, γ, of 13% is
within the limits of linear viscoelasticity. Further, the
inset of Figure 5 confirms that the dynamic measure-
ments at various temperatures in the homogeneous and
phase-separated region were carried out under steady
state conditions.
Pretransitional Regime. As the phase separation

temperature is approached for a given composition, the
viscoelastic properties of the blend change substantially.
A typical example illustrating the effects of phase
separation is depicted in the temperature ramps of
Figure 6, for the 40/60 blend at a heating rate of 0.1
°C/min and frequency of 0.1 rad/s. At low temperatures
in the homogeneous regime, an increase of temperature
results in a decrease of G′ due to mobility effects
associated with an increased distance from the Tg of the
blend. As the temperature increases further, the phase
boundary is approached; the latter is associated with
the thermodynamic slowing down of the thermal decay
rate of concentration fluctuations, which increase in
amplitude when the distance from the spinodal tem-
perature, Ts, is decreased. In other words, in the
vicinity of phase separation, there is a competition
between mobility and thermodynamics.5 The net result
is an increase of G′ due to the latter forces, i.e. the
formation of dynamic domains rich in the hard PS
component of the blend. From Figure 6 it is apparent
that at a temperature of about 95 °C, these forces
dominate, up to about 115 °C. Above that temperature,
mobility forces control again the viscoelastic behavior
of the phase-separated (based on Figure 3) blend. We
argue that the temperature region between 95 and 115

°C, which is characterized by the dominance of the
thermodynamic forces, is associated with the phase
separation. In particular, we assign the inflection point
in the G′ vs T curve in this temperature region in the
specific example of Figure 6 (the maximum of dG′/dT
occurs at 106.5 °C) to the (rheological) phase separation
curve. This assignment is empirical and not based on
specific physical grounds. Nevertheless, it accounts for
an apparent concentration fluctuations-induced en-
hancement in G′ in the one-phase regime; the latter
results in a thermorheologically complex behavior, in
the pretransitional regime, as will be discussed below.
The thus determined rheological demixing tempera-
tures, Trheo, are in very good agreement with those
obtained from turbidity, Tcp, as seen in Figure 7. It
should be emphasized that the rheological demixing
temperatures are all determined from dynamic temper-
ature ramps carried out at frequencies between 0.1 and
1 rad/s and heating rates between 0.07 and 1 °C/min.
In all cases the estimated demixing temperatures are
nearly independent of the heating rate, in agreement
with the relevant turbidity investigations (Figure 2).
Figure 7 also depicts the average Tg of the blends of
different compositions, as measured by DSC. For each
case, one single broad Tg is detected.
Similar behavior is also exhibited by the other vis-

coelastic material functions, as seen in Figure 6. In

Figure 5. Typical frequency sweep of a 40/60 PS/PVME blend
in the homogeneous region (T ) 90 °C); the applied stress
amplitude is 800 dyn/cm2: G′, 9; G′′, b; η*, 4; γ, O. Inset:
dynamic time sweeps of G′ (normalized to that at time t ) 0)
with ω ) 0.05 rad/s and the same stress, at various temper-
atures in the one-phase and two-phase regions: 90 °C, 4; 93
°C, 3; 100 °C, ]; 105 °C, +; 110 °C, X.

Figure 6. Isochronal (ω ) 0.1 rad/s) dynamic temperature
ramp of 40/60 PS/PVME for an applied stress amplitude of
1000 dyn/cm2 and a heating rate of 0.1 °C/min: G′, 0; G′′, O;
tan δ, 9; γ, -.

Figure 7. Phase diagram of a PS/PVME blend as determined
by shear rheology: Trheo, O; spinodal temperature, Ts, b. Cloud
points determined from turbidity (T1) are also depicted (X).
The dashed and dotted lines are drawn to guide the eye. Also
depicted are the average Tg’s of the blend (2), with a line to
guide the eye.
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particular, G′′ is also sensitive to the above mentioned
interplay of mobility and thermodynamics, but to a
much lesser extent; this is in agreement with similar
behavior observed in diblock copolymers8 and also
predicted by a mean field theory,19,20 which will be
discussed below. The higher sensitivity of G′ is at-
tributed to the fact that the stress induced to the system
by the concentration fluctuations is mostly of elastic
origin. Also, if one thinks in terms of simple mechanical
models describing the terminal relaxation, such as the
Maxwell model, the elastic component responds first
and more sensitively to a given deformation, compared
to the viscous contribution. Besides the small upturn
in G′′, compared to G′, it is also noted in Figure 6 that
the upturn in G′′ occurs roughly 4 °C above the G′
minimum; in other words, the viscous dissipation part
of the blend responds with some retardation to the
thermodynamic effects of phase separation. This re-
tardation is apparently related to the phase lag between
the elastic and viscous components of the stress, as well
as the above mentioned mechanical analogy. The strain
varies within the limits of linear viscoelasticity; its
behavior is easily understood in terms of its definition
γ ) σ/G*, with σ being the imposed stress amplitude and
G* the complex modulus. Finally, the trend of the tan
δ curve stems from those of G′ and G′′.
A few remarks concerning the magnitude of the

upturn in viscoelastic properties (in G′ for example) are
in order. The interpretation of this upturn, as at-
tributed to the formation of dynamic regimes rich in the
high modulus PS component, induced by the enhanced
concentration fluctuations near the phase boundary,
relates to the dynamic asymmetry (Tg-contrast) of the
two blend components. It is noted that in LCST systems
with nearly no Tg-contrast, there is effectively no upturn
in G′ as the temperature approaches the phase bound-
ary; only a clear reduction of slope is observed.21
Moreover, Figure 8 depicts the temperature dependence
of the elastic muduli of PS/PVME at various composi-
tions, namely, 10/90, 20/80 (critical), and 40/60. From
this figure the effects of changing composition on the
shape of the temperature-dependent moduli curves are
apparent; they can be explained by the fact that chang-
ing composition changes the distance of the effective
blend Tg from the Tg’s of the individual components,11
which in turn is responsible for the viscoelastic behavior
of the blends. It is also evident from this figure that
not only the magnitude of the upturn, but also the

temperature range over which the upturn takes place
is strongly dependent on this dynamic asymmetry. Of
course, it should be kept in mind that, for the temper-
atures corresponding to phase-separated systems, the
viscoelastic properties are time-dependent due to the
coarsening of the phase-separated structure. Neverthe-
less, the demixing temperature, Trheo, can always be
determined from the upturn in G′, as discussed before.
Returning to the issue of thermorheological complex-

ity, the isothermal frequency sweeps for a given com-
position are all plotted together in the form of master
curves, obtained by shifting along the frequency axis.
A representative example is illustrated in Figure 9, for
G′ and G′′ of the 70/30 blend. At high frequencies the
entanglement plateau region is reached, while at lower
frequencies the system flows in the terminal regime. It
is apparent that for the temperatures in the homoge-
neous regime (up to 110 °C; see the phase diagram of
Figure 7) the principle of time-temperature superposi-
tion (TTS) holds for both G′ and G′′. However, the data
in the two-phase region do not superpose the homoge-
neous ones. This observation is also evident in the inset
of Figure 9 which depicts the log G′ vs log G′′ plot; such
a plot has been suggested to be more sensitive than TTS
to phase transitions.22-24 More specifically, as the
temperature increases well into the phase-separated
regime, an apparent deviation from the terminal slope
is observed in the G′ curve (enhancement of elasticity),
which is actually responsible for the thermorheological
complexity. This “enhanced elasticity” is undoubtedly
related to the morphology of the phase-separated blend.
It persists only over a small range of low frequencies,
and it does not correspond to a terminal solid-like
relaxation of the system; at even lower frequencies the
system will eventually flow, reaching the terminal slope
of nearly 2. Similar observations hold for the behavior
of G′′ as well, but with much reduced sensitivity.
An important question, addressed before (Figure 6),

is whether the enhanced concentration fluctuations in
the homogeneous regime near Trheo produce any increase
in G′ that leads to detectable deviation from TTS, as
for instance is observed in the case of block copolymers.9
To address this issue, it is necessary to perform the
frequency sweeps with very small temperature steps,

Figure 8. Temperature dependence of storage moduli (G′) and
loss moduli (G′′) at various PS/PVME blend compositions: 10/
90, G′ (0) and G′′ (- - - -); 20/80, G′ (O) and G′′ (- - -); 40/60,
G′ (4) and G′′ (-). All measurements refer to frequency ω )
0.5 rad/s and a heating rate of 0.5 °C/min.

Figure 9. Master curves of G′ and G′′ for the 70/30 PS/PVME
blend as a function of shifted frequency RTω, where RT is the
temperature shift factor. The reference temperature is 90 °C.
A failure of the time-temperature superposition principle is
observed at low frequencies. The two solid lines have slopes
2 (G′) and 1 (G′′). Inset: log-log representation of shear-
moduli G′ versus G′′. The solid line represents a slope of 2.
The frequencies ωR and ω′c correspond to the longest relaxation
time and the onset of thermorheological complexity, respec-
tively. Symbols: 90 °C, 0; 95 °C, O; 100 °C, 4; 105 °C, 3; 110
°C, ]; 120 °C, +; 130 °C, X; 135 °C, *.
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as the phase boundary is approached. Results from
such measurements are shown in Figure 10 for the 20/
80 blend. It is indeed clear that TTS fails while in the
homogeneous regime, near the phase boundary. This
result confirms the qualitative similarities with block
copolymers,9 although in the latter case the effects are
apparently stronger.9,19,20 In the inset of Figure 10 the
storage modulus is plotted against the loss modulus in
a log-log representation. The same remarks hold as
for Figure 9. Furthermore, the critical frequency, ω′c,
corresponding to the onset of thermorheological com-
plexity (Figures 9 and 10) is assessed with respect to
its dependence on the blend composition. The corre-
sponding characteristic time, τc ) 1/ω′c, is within the
spectrum of terminal relaxation, and in that respect, it
is considered proportional to the terminal relaxation
time of the blend τR. From the experimental data, τc
increases as the PS content of the blend increases, and
this can be explained in view of the above argument on
PS-rich domains. The fact that τc . τR suggests that
the failure of TTS is associated with time scales much
larger than the ones corresponding to the motion of one
chain; such time scales could relate to “collective” motion
of several chains, e.g. motion of pseudodomains rich in
PS, formed as a result of phase separation.
Having established the phenomenology of the effects

observed in the transitional regime of phase separation,
we now turn to their quantitative evaluation. To do so,
we consider the theoretical approach of Ajji and Chop-
lin.19 These authors have extended the earlier theoreti-
cal treatment of Fredrickson and Larson for block
copolymer melts near the order-disorder transition20
to the case of homopolymer blends. Mean-field theory
has been employed to derive the critical contribution to
the shear stress for near-critical polymer mixtures; after
integration over wavevector space, the following expres-
sions can be obtained for the dynamic storage and loss
moduli, respectively:

where ωj (k) ) k2S0
-1(k)λ(k), S0(k) is the static structure

factor, and λ(k) the Onsager coefficient, with k the
wavevector. These equations have been applied for the
case of binary polymer blends by utilizing the de Gennes
mean field structure factor,26

with Ni being the number of statistical segments, gi(k)
the Debye function, and the expression for the Onsager
coefficient proposed by Binder:25

In eq 11, bi is the statistical segment length for species
i and Wi its rate of reorientation:

with úi being the monomeric friction coefficient. For the
terminal one-phase region near the critical point, these
expressions become

where øs designates the interaction parameter at the
spinodal, i.e. when S0

-1(0) ) 0, and Rgi is the radius of
gyration of species i. By properly manipulating the
above expressions (13 and 14), one can calculate the
ratio

The interesting feature of eq 15 is that the monomeric
friction coefficients are eliminated; this result is con-
sidered important, since the segmental dynamics of
multicomponent systems, which is associated with the
monomeric friction, is not fully understood yet (see for
example ref 27). Assuming that the interaction param-
eter is given by ø ) A + B/T, a linear dependence is
predicted of {[G′′(ω)]2/(G′(ω)T)}2/3 versus 1/T, leading to
an intercept with the 1/T axis denoting the spinodal
temperature, Ts. Indeed, Figures 11 and 12 show
typical representations of the data for the 20/80 and the
40/60 blends, respectively, where a linear range is
observed in the data in the pretransitional regime. The
corresponding line gives an estimate of the spinodal
temperature, indicated by an arrow. Deviations are
observed at both the high and the low temperature side
in these figures. This is due to the fact that the theory
has been developed for the one-phase region but in close
proximity to the critical point (for large correlation
lengths), where the concentration fluctuations contribu-

Figure 10. Master curves of G′ and G′′ for 20/80 PS/PVME
with a reference temperature of 78 °C. The two solid lines
have slopes 2 (G′) and 1 (G′′). Inset: representation of the
thermorheological behavior as log G′ versus log G′′. The solid
line denotes a slope of 2. Symbols: 60 °C, 0; 65 °C, O; 70 °C,
4; 75 °C, 3; 78 °C, ]; 81 °C, +; 90 °C, 9; 93 °C, b; 95 °C, 2; 98
°C, 1; 100 °C, O; 102 °C, 4; 105 °C, 3; 110 °C, ].
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tions to G′ and G′′ are dominant; thus, it applies for low
enough temperatures in the well-homogeneous state,
not for high temperatures in the two-phase region. It
is also noted that the selection of the linear range is
crucial for the determination of Ts and in the present
case involves an error of about (2 °C. Referring to the
above analysis, it is important to point out that the
theoretical approach of Fredrickson and Larson20 ac-
counts for the excess shear stress induced by the
enhanced concentration fluctuations in the pretransi-
tional region in the case of blends. On the other hand,
the rheological measurements record the global re-
sponse of the system, i.e. both flow- and thermodynam-
ics-induced contributions to shear stress. To account
for the latter, we consider as “background” (G′b or G′′b)
the stress at low temperatures in the homogeneous
regime, where no thermodynamic effects interfere what-
soever. By assuming that its functional dependence on
temperature does not change (Figures 6, 8), we can
extrapolate the modulus to higher temperatures and
then obtain an estimate of the excess shear stress from
the ratio G′f ) G′/G′b or G′′f ) G′′/G′′b at different temper-
atures, where the subscript f refers to fluctuations. The
values G′f and G′′f reflect the fluctuation-induced contri-
bution to the stress (under the further assumption that
friction in both “total” and “background” moduli has the

same temperature dependence) and are subsequently
used in the analysis to determine Ts. The results are
shown in Figures 11 and 12 and are truly satisfactory
(same Ts within 2 °C), suggesting that a standard
“global” rheological measurement can indeed be ac-
counted for with this mean field theory and used to
determine the spinodal temperature. It is noted that
the theoretical approach presented here applies very
well for this LCST system, although it has been origi-
nally developed for upper critical solution temperature
(UCST) systems. Its applicability for UCST systems is
currently under investigation,28 although it is recog-
nized that the effects of phase behavior are incorporated
in the ø parameter.
The thus determined spinodal temperatures are

depicted in Figure 7. The critical composition is esti-
mated to be 20/80 PS/PVME, where Ts ≈ Trheo; this is
in agreement with the turbidimetric data of Figure 3,
for T1 ≈ T2. However, it is noted that the T2 temper-
ature, although possibly related somehow to Ts, may not
necessarily be equal to Ts; nevertheless, the rheological
Ts and turbidimetric T2 data seem to be in reasonable
agreement (as judged from Figures 3 and 7). Therefore,
we argue on the basis of Figure 7 that a single shear
rheological measurement is adequate in providing com-
plete information on the phase diagram of a binary
polymer blend.29 It is noted that, by modifying eq 15,
the correlation length (ê) of blends can be estimated
from the ratioG′/(G′′)2 as a function of temperature. The
thus determined value of ê increases significantly as the
phase separation temperature is approached, in agree-
ment with theoretical predictions and other data.19 As
a further remark, the straight lines in Figures 11 and
12 represent evidence of the validity of the idea that
the thermorheological complexity in the pretransitional
regime is due to large concentration fluctuations. They
also show that the theory conforms to the experimental
observations concerning (i) the much weaker tempera-
ture dependence (and thus sensitivity) of G′′ compared
to G′ and (ii) the reduced sensitivity of viscoelastic
properties of blends to phase separation, when com-
pared to block copolymers at the same distance from
the phase boundary (the latter, only indirectly).
Phase-Separated Regime. In this regime, the

underlying characteristic is the deviation from TTS,
associated with the enhanced moduli (with respect to
the terminal slopes). It is clear that the phase morphol-
ogy30 is the key parameter responsible for the observed
thermorheological complexity, as is evident in Figures
9 and 10. The appearance of the region of enhanced
moduli, which is mostly noticeable at higher PS con-
centrations, results in a splitting of the terminal relax-
ation into two processes. Whereas the slow process
should be related to the relaxation of the phase-
separated blend (which is of structural origin), as
observed in other systems as well,31 the nature of the
faster process is not clear; it is apparently related to
the higher concentration of PS-rich domains, which are
redistributed in the two-phase system, before the latter
eventually flows. Moreover, as is clear from Figures 9
and 10, and was already mentioned, the transient
plateau is followed by the terminal relaxation with G′
∼ ω2 at very low frequencies. This observation clears
the situation, since earlier investigations discussed the
apparent beginning of the enhanced elasticity region in
terms of a different power law dependence of G′.5
This complex viscoelastic behavior in the two-phase

regime is quantitatively analyzed by utilizing a theo-
retical approach for describing the rheology of emulsions
of incompressible viscoelastic fluids. This approach was

Figure 11. Quantitative evaluation (9) of the viscoelastic
behavior of the 20/80 PS/PVME blend near the phase separa-
tion and determination of the spinodal temperature. Vertical
arrows indicate spinodal and cloud points. Also shown (0) is
the determination of spinodal temperature from the estimated
excess fluctuation-induced shear stress, as described in the
text.

Figure 12. Quantitative evaluation (b) of the viscoelastic
behavior of the 40/60 PS/PVME blend near the phase separa-
tion and determination of the spinodal temperature. Vertical
arrows indicate spinodal and cloud points. Also shown (O) is
the determination of spinodal temperature from the estimated
excess fluctuation-induced shear stress, as described in the
text.
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first considered in the description of the rheological
behavior of incompatible polymer blends in the melt,31
where a general observation was the substantial in-
crease of elasticity at low frequencies, in the terminal
regime. It was recognized that this enhancement could
be described by constitutive equations for emulsions of
two Newtonian liquids32 or emulsions of two viscoelastic
fluids;33 the latter could better account for the high-
frequency behavior as well, and thus it was used for the
case of immiscible polymer blends. In this work we
adopt essentially this approach in order to quantify the
rheological characteristics of phase-separated PS/PVME
blends. These systems are considered as emulsions of
viscoelastic incompressible materials, where the “sus-
pended” particles forming the dispersed phase are
assumed to be nearly spherical and their deformation
remains small, i.e. within the limits of linear viscoelas-
ticity. The pronounced elasticity at low frequencies is
actually attributed to the interfacial tension. Under the
further assumption that the interfacial tension between
the matrix and the dispersed phase is independent of
local shear and variation of interfacial area and that
the dispersed spherical droplets are nearly monodis-
perse, the model29 leads to the following expression for
the complex modulus of the two-phase mixture (emul-
sion), G*(ω):

where the subscripts m and i refer to the matrix and
dispersed phase (inclusions), respectively, R is the
interfacial tension, and æ is the volume fraction of the
inclusions of size R. It can be easily shown that this
model can be generalized to the case of polydisperse
inclusions and also reduce to a number of useful simpler
models.31 However, here we simply employ the general
formulation for monodisperse inclusions, described by
the above equations. Further, it is clear from eqs 16
and 17 that the modulus of the emulsion can be
estimated (and thus compared against experimental
data) only if the corresponding moduli of the two
constituents are known. Due to the phase diagram
involved here, the phase-separated blend in the tem-
perature range of our measurements will never actually
consist of pure PS and pure PVME domains; instead, it
consists of PS-rich and PVME-rich domains, with
composition determined by the tie lines of the phase
diagram, and thus we interpret the inclusions and
matrix of the emulsion as these domains into which a
phase-separated blend of a given concentration can be
decomposed, on the basis of its phase diagram (Figure
7). More specifically, we examine the 40/60 PS/PVME
blend at 110 °C. This can be thought of as inclusions
of PS-rich spherical domains of constant size with
concentration 60% PS (60/40 PS/PVME) dispersed in a
matrix of PVME-rich domains with concentration 10%
PS (10/90 PS/PVME). Application of the above model,
with one only adjustable parameter, namely the ratio
(R/R), produces the results depicted in Figure 13. The
model predictions depend on (R/R) and are in qualitative
agreement with the experimental data, especially with
respect to the observed change of slope at low frequen-
cies; the latter is more apparent for the case (R/R) )

103 dyn/cm2. Further, for a value of (R/R) ) 0 dyn/cm2,
which corresponds to a dispersion of incompressible
Hookean inclusions in an incompressible Hookean
matrix,31 the quantitative agreement is very reasonable,
especially at low frequencies; larger deviations (by
approximately a factor of 2) occur at higher frequencies.
Once again, the model results show higher sensitivity
in the elastic modulus. This is considered satisfactory,
given the rather rough assumptions concerning the
dispersed phase. Another limitation related to the
assumption of spherical monodisperse droplets has to
do with the fact that due to experimental conditions
(referring to Figure 7), the temperature studied is near
the phase boundary.
The situation is more interesting in the case of the

60/40 PS/PVME blend at 130 °C, which can be consid-
ered as consisting of a 70/30 PS/PVMEmatrix and pure
PVME inclusions. Fitting with eqs 16 and 17 reveals
satisfactory results with maximum deviation from
experimental data being less than a factor of 3. Al-
though the case (R/R) ) 0 dyn/cm2 gives mathematically
slightly better results, the value (R/R) ) 104 dyn/cm2 is
considered the optimum fitting parameter, since in this
case the model captures nicely the region of enhanced
moduli and the subsequent terminal flow, observed in
the experiments. This situation is depicted in Figure
14. It is noted that a parallel shift of the calculated line
along the modulus axis would have made the quantita-
tive agreement nearly perfect. It becomes evident that

G*(ω) ) G*m(ω)
1 + 3φH(ω)
1 - 2φH(ω)

(16)

H(ω) ) [4(R/R)(2G*m(ω) + 5G*i (ω)) + (G*i (ω) -
G*m(ω))(16G*m(ω) + 19G*i (ω))]/[40(R/R)(G*m(ω) +
G*i (ω)) + (2G*i (ω) + 3G*m(ω))(16G*m(ω) + 19G*i (ω))]

(17)

Figure 13. Evaluation of the rheology of the phase-separated
40/60 PS/PVME blend at 110 °C: experimental data, G′ (0)
and G′′ (O); solid lines, emulsion model predictions (eqs 16 and
17) for (R/R) ) 0 dyn/cm2; dashed lines, model predictions for
(R/R) ) 103 dyn/cm2, Tcp ) 99.5 °C. For G′′, the two theoretical
curves are indistinguishable.

Figure 14. Evaluation of the rheology of the phase-separated
60/40 PS/PVME blend at 130 °C: experimental data, G′ (0)
and G′′ (O); solid lines, emulsion model predictions (eqs 16 and
17) for (R/R) ) 104 dyn/cm2; dashed lines, model predictions
for (R/R) ) 0 dyn/cm2, Tcp ) 103 °C.
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(R/R) is a critical parameter which, however, depends
strongly on the state of the phase-separated blend
(composition and temperature). It should be noted that
on the basis of the blend composition (phase diagram),
the dispersed phase can be either PS-rich or PVME-
rich domains. The general result is that the linear
viscoelastic behavior of a phase-separated binary poly-
mer blend resembles that of an emulsion of two incom-
pressible viscoelastic fluids, and thus it can be described
by the relevant simplified model. This suggests an
analogy in terms of viscoelastic properties between the
time-dependent situation of a phase-separated blend
and an emulsion of incompressible viscoelastic fluids.
It is therefore clear that for a higher accuracy it is
imperative to improve the above assumptions and thus
incorporate details of the phase-separation process into
the model. In this direction, it should be mentioned that
models similar to eqs 16 and 17, but with more accurate
description of the contributions of morphological effects
and complex interfaces to the rheological behavior of
immiscible polymer blends, were recently proposed by
Lee and Park34 and Doi and Ohta35 and were confirmed
for the systems PS/linear low-density polyethylene34 and
poly(ethylene terephthalate)/nylon 6,6.36 These works
constitute the basis for future developments in this
direction.

IV. Concluding Remarks
From the detailed rheological investigations of the PS/

PVME blend described in this work, the following
statements can be made: (i) In order to obtain adequate
mixing rules over the whole concentration range (which
encompasses the neighborhood of Tg as well) in the
homogeneous regime, it is important to account for
surface instead of the volume fractions. (ii) The ther-
morheological complexity of polymer blends near phase
boundaries is due to large concentration fluctuations in
the homogeneous regime in the vicinity of phase separa-
tion and in the various morphologies in the phase
separated regime. (iii) Single shear rheological mea-
surements suffice in order to determine both the binodal
and spinodal curves. (iv) The thermorheological com-
plexity of G′ is much more pronounced than that of G′′;
however, the latter clearly exists. Further, the failure
of TTS in polymer blends is less severe that in block
copolymers near the ordering transition. (v) The mag-
nitude of the observed effects in the vicinity of the phase
boundary seems related to the dynamic asymmetry of
the two constituents of the blend. (vi) In the two-phase
blends, a regime of enhanced moduli (with respect to
the terminal slopes) is observed and attributed to the
PS-rich domains which are redistributed by the flow.
(vii) The characteristic features of the viscoelastic
properties of the phase-separated blends can be ac-
counted for by a simple model describing the rheology
of emulsions of two incompressible viscoelastic fluids.
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