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ABSTRACT: The viscoelastic properties of near critical entangled polybutadiene (PB)/polyisoprene (PI)
blends were investigated in oscillatory shear above and below the lower critical solution temperature
(LCST). The terminal loss modulus of a near critical PB/PI blend above and below the LCST is well
described by means of a log additive mixing rule. A single master curve in the loss modulus of the critical
blend exhibiting WLF behavior was obtained above and below the LCST by using the empirical time—
temperature superposition (tTS) principle. However, the storage modulus above the LCST deviates from
both the tTS principle and the log additive mixing rule. The phase-separated PB/PI blends within the
linear viscoelastic regime display higher than expected values of storage modulus at low frequencies,
due to the interfacial tension between the two phases of the blend. This increase causes a discontinuity
in the temperature dependence of the storage modulus at low frequencies. The discontinuity occurs at a
frequency-dependent temperature that extrapolates in the limit of zero frequency to the cloud point
measured under quiescent conditions by optical microscopy. The evaluations of interfacial tension from
low-frequency linear viscoelasticity are compared with the expectations of Helfand—Tagami theory. The
rheological determinations of interfacial tension are within a factor of 2 of the expected values for all

compositions except those near the phase-inversion point.

Introduction

The rheology and morphology of viscoelastic polymer
blends are of great interest for both scientific and
practical industrial reasons. The evolution of domain
structure and its response to applied shear are scientifi-
cally challenging and important to industry for process-
ing. Viscoelastic polymer blends such as polybutadiene
(PB)/polyisoprene (PI) can be homogeneous or hetero-
geneous depending upon temperature. Rheological prop-
erties of multiphase systems are strongly influenced by
the morphology, which depends on the thermodynamic
interactions between the two constituent polymers and
flow history. Rheological properties are therefore es-
sential in order to relate the morphology of the phase-
separated state to the processing of multiphase sys-
tems.1?2

Most experimental work reported in the literature is
focused on the rheological properties of immiscible
polymer blends obtained from oscillatory or steady shear
flow,3~8 in which pronounced elastic properties and very
long relaxation times are typically observed. On the
other hand, the effect of phase separation on the linear
viscoelastic properties of miscible polymer blends has
only recently become a topic of interest.%1° In the single
phase state of blends with closely matched component
glass transition temperatures, the time—temperature
superposition (tTS) principle can be applied to both the
dynamic storage modulus (G') and the loss modulus
(G").1
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We report the viscoelastic properties of entangled PB/
P1 blends with ATy ~ 27 K above and below the lower
critical solution temperature (LCST) measured by oscil-
latory shear rheology. The linear viscoelastic response
of the phase-separated PB/PIl blends displays high
values of the storage modulus at low frequencies. This
is due to the interfacial tension between the two phases
of the blends, modeled here using the analyses of
Gramespacher and Meissner® derived from a theory for
mixtures of Newtonian liquids developed by Choi and
Schowalter!® and Palierne for the viscoelastic emulsions
of incompressible materials.'?

The dynamic modulus of immiscible polymer blends
may depend on the domain size and/or concentration of
the dispersed phase. These effects have been previously
reported for immiscible blends of polystyrene (PS)/poly-
(methyl methacrylate) (PMMA)&14 and polyisobutene
(P1B)/poly(dimethylsiloxane) (PDMS).8 Jeon et al. showed
the quantitative effect of droplet size on the storage and
loss moduli of the phase-separated PB/PI blends.’®> An
increase in the concentration of Pl or domain size of the
blends caused increases in G' and G" of the PB/PI
blends. To study the effects of domain deformation on
the dynamic modulus, we measured G’ and G" at two
different perturbation conditions: small strain ampli-
tude (yo = 0.08) and large strain amplitudes (yo > 6.0
at low frequencies). The large strain amplitudes at low
frequencies strongly affected G', whereas G" was rela-
tively independent of strain amplitude.

Experimental Section

The polymers used in this study were supplied by The
Goodyear Tire and Rubber Company.'® The number-average
molecular weight (M,), the mass-average molecular weight
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Table 1. Characterization Data of Polymers

microstructure, mol %

sample
code My (g/mol) Mw/Mp 1o (Pa-s)? Ty (°C) cis-1,4 trans-1,4 1,2 3,4
PB 51 000 1.03 220 +£0.3 —93 44 47 9 0
Pl 88 000 1.08 700 £ 0.7 —66 74 14 0 12

Table 2. Parameters Used in Gramespacher and Meissner’s Analysis and Interfacial Tension at 130 °C

blends PP Rn? (um) R\P (um) Rv/Rn 7o (Pa-s) R/o (m?/N) on (MN/m) oy (MN/m)
D10 0.102 1.9+ 0.1¢ 2.2 1.12 256 £ 1.0 0.008 0.24 0.27
D20 0.204 45+0.2 5.0 1.10 315+ 04 0.010 0.45 0.50
D30 0.306 9.0+ 0.6 11.9 1.31 355+ 1.2 0.012 0.75 0.99
D40 0.408 115+ 1.0 18.7 1.63 391+0.8 0.017 0.68 1.10
D50 0.500 11.8+ 1.0 17.9 1.52 431+ 1.2 0.010 1.20 1.79
D60 0.602 13.7 £ 0.9 19.0 1.39 454 + 2.6 0.0045 3.00 4.22
D70 0.714 9.0 £ 0.6 11.2 1.25 484 £+ 3.1 0.0035 2.20 3.21
D80 0.816 3.3+0.1 3.6 1.08 530 £+ 3.0 0.0030 1.10 1.19

a8 The dynamic zero shear viscosity of homopolymers and blends was obtained by averaging over plateau values of viscosity at a wide
range of frequency at 130 °C. ® The average radius of dispersed droplet was obtained by examining a full micrograph (220 x 160 xm?2) and
averaging 23—58 droplets per sample. ¢ The uncertainties in quoted numerical results represent the estimate of the standard error in
experimental uncertainty. 9 The subscript n refers to number-average particle size, and the subscript v refers to volume-average particle

size.

(My), and the polydispersity of model polymers were deter-
mined by gel permeation chromatography (Waters model
150-C).%6:17 The composition of these materials was obtained
by ¥C NMR. The results of the polymer characterization are
summarized in Table 1. The polybutadiene (PB)/polyisprene
(PI) blends were prepared by solution blending.'®> The exact
compositions and designation of blends used in this study are
given in Table 2. The PB/PI blends are labeled as Dy, where
xx is the volume percent of Pl in the blends. We started with
a dilute solution in methylene chloride (mass fraction of 2%
total polymer) containing the appropriate amount of each
component and about 0.05% Goodyear Wingstay #291¢ as an
antioxidant. The mixture was stirred at room temperature for
1 day and filtered through a 0.45 um PTFE filter. The solvent
was evaporated under flowing nitrogen gas, and the sample
was dried in a vacuum oven at room temperature for several
days before doing the experiments. The phase separation
temperature and morphology of the blend were determined
by phase contrast optical microscopy.® Normal bright field
microscopy requires a refractive index difference in the sample
to resolve the image. In the case of the phase-separated PB/
Pl blend, it is difficult to obtain a clear image with the normal
bright field microscope because the refractive index difference
between these two components is very small (npg = 1.512 and
npr = 1.517).2° A near critical PB/PI blend (D40) has a lower
critical solution temperature (LCST) of 61.5 &+ 0.5 °C; hence,
the blend is a single phase at low temperatures (<61.5 °C)
and phase-separated at elevated temperatures (>61.5 °C). The
prepared samples were heated from room temperature to the
desired experimental temperature in the two-phase region and
then held for 120 min to obtain a reproducible two-phase
morphology for each sample without preshearing. The droplet
deformation of the phase-separated PB/PI blends under simple
shear flow was measured by in situ shear light scattering
microscope instrument. The microscope image was collected
with a CCD camera (Dage MTI, model 72), recorded onto a
super-VHS tape, and digitized using a frame grabber from
Data Translation (DT 3851). The geometry of the instrument
is such that it probes structures within the plane defined by
the flow and neutral directions. A detailed description is given
elsewhere.!®

A Rheometric Scientific SR-5000 controlled-stress rheom-
eter'® was utilized in the parallel-plate geometry for oscillatory
shear measurements. Our measurements were carried out
with 25 mm diameter fixtures and 0.4 + 0.01 mm gap
thickness. The temperature was controlled by electrically
heated top and bottom plates to within +0.1 °C. The measure-
ments were carried out under nitrogen atmosphere to mini-
mize thermal degradation of the polymers which are known
to be extremely sensitive to heat. To study the linear viscoelas-
tic properties at low frequencies, the oscillatory shear mea-
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Figure 1. Typical linear viscoelastic behavior of a phase-
separated PB/PI blend, D40, for various frequencies (0.1, 1.0,
10, and 100 rad/s) at 130 °C.

surements were performed in a constant strain mode with a
small strain amplitude (yo = 0.08). The oscillatory shear
measurements were also performed in constant stress mode
with a large stress to produce a large deformation of droplets
at low frequencies. We should note that all the rheological data
shown in this paper without specific comments were measured
under the small strain amplitude (yo = 0.08) conditions.

Results and Discussion

Limit of Linear Viscoelasticity. At small strain
amplitudes, the measurements are carried out with
minimal deformation of sample morphology. If the
strain amplitude is sufficiently small, the ratio of stress
to strain is only a function of time because the morphol-
ogy slowly evolves with time. To determine the limits
of linear viscoelasticity, we performed a dynamic strain
sweep at 130 °C for a range of frequencies (0.1—100 rad/
s) as shown in Figure 1. The linear viscoelastic response
is evident from the constant values of G' as a function
of strain up to yo = 0.4 at all frequencies. Therefore,
the applied strain amplitude (yo = 0.08) was within the
linear viscoelastic regime.

Time—Temperature Superposition (tTS). A fre-
qguency shift factor, ar = 5o(T)/10(To), can be calculated
directly from the dynamic viscosity data since the
temperature dependence of viscosity depends directly
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Figure 2. A reduced frequency plot of dynamic storage
modulus, G, for a near critical PB/PI blend, D40, at various
temperatures (30—130 °C) which cover the single-phase and
two-phase regions in the PB/PI phase diagram (see an inset
of Figure 10): single-phase (solid symbols), two-phase (open
symbols). A single master curve was only obtained for the
single-phase temperatures of a D40 blend by using a time—
temperature superposition (tTS) principle.

on ar. The WLF equation given by eq 1 describes rather
well the temperature dependence of at for most polymer
melts and concentrated solutions.?? The values for the
parameters C; = 1.83 and C, = 163 K of eq 1 were
obtained from a nonlinear least-squares fitting of the
1o data from the D40 blend using a reference temper-
ature, To = 80 °C.

_ —Cy(T - To)
log a; = c+a-Ty) )

For a monodisperse polymer in the terminal region
G' O w?and G" O w. The same behavior is also exhibited
by homogeneous blends of monodisperse homopoly-
mers.2° If the blends are phase-separated, the values
of G' and G" increase, and the exponents of G' vs w and
G" vs w are typically less than 2.0 and 1.0 in the
terminal regime, respectively. Typically, phase separa-
tion in a polymer blend occurs by changing temperature.
In the single-phase region, the storage and loss moduli
of the PB/PI blends were found to obey the time—
temperature superposition (tTS) principle applying the
same shift factors (see eq 1) obtained from the zero-
shear viscosity:

G'(w,T) = G'(a;w,Ty) )
G"(w,T) = G"(a;w,Ty) 3)

Figure 2 shows a master curve of the storage modulus
for D40 blend at various temperatures, which covers
both the single-phase and two-phase regions in the
phase diagram. The tTS principle applied well for
temperatures in the homogeneous regime (T < 61.5 °C,
filled symbols). On the other hand, the tTS principle
failed for temperatures in the two-phase region, where
G' (open symbols) does not collapse onto a single master
curve. There have been several reports about the
deviation from the tTS principle in the phase-separated
state!® or single-phase blend.?! In the intermediate
reduced frequency regime (1 rad/s < war < 100 rad/s),
the slope of G' is close to 2, similar to the characteristic
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Figure 3. A reduced frequency plot of dynamic loss modulus,
G", for a near critical PB/PI blend (D40) at various tempera-
tures which cover the single-phase and two-phase regions in
the PB/PI phase diagram (see an inset of Figure 10). A single
master curve of the loss modulus above and below the lower
critical solution temperature (LCST) for a D40 blend was
obtained by using a time—temperature superposition (tTS)
principle.
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Figure 4. Dynamic storage modulus (G') and loss modulus
(G") as a function of frequency at 130 °C. Storage modulus:
PB (open circles); PI (open squares); D40 blend (closed circles).
Loss modulus: PB (open triangles); Pl (open diamonds); D40
blend (closed triangles).

behavior of a monodisperse polymer in the terminal
regime. In the terminal regime, the storage modulus is
larger than the extrapolation based on w?. The slope of
log G' vs log war is less than 2 and close to 0.5. The
experimental values of the terminal regime exponents
for G' obtained from other two-phase polymer blends
vary between 0.5 and 1.0,

Figure 3 shows the loss modulus master curve of the
D40 blend. In contrast to the storage modulus, a single
master curve of G" for the blend is obtained, which
shows no anomalous terminal response, even deep into
the two-phase region. The loss modulus has been shown
to be either insensitive?? or very weakly sensitive!123
to phase separation in other polymer blends.

Effects of Domain Size and Interfacial Tension.
Figure 4 shows the storage and loss moduli for the
homopolymers (PB and PIl) and the phase-separated
D40 blend at 130 °C. At high frequencies (w > 1 rad/s),
the values of the storage modulus for the blend lie
between the storage moduli of the homopolymers.
However, at low frequencies (<1 rad/s), the storage
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modulus of the blend shows a large deviation from the
log additive mixing rule.? The deviation is characterized
by an emergence of a pronounced storage modulus at
low frequencies, presumably caused by the interfacial
tension. In contrast, the loss modulus of the blend lies
between the loss modulus values for the homopolymers
over the entire frequency range.

For the description of the influence of the interfacial
tension on the storage and loss moduli, we use the
equations of Gramespacher and Meissner (G—M)8 de-
rived from a theory for mixtures of Newtonian liquids
developed by Choi and Schowalter.® They attribute any
deviation of the complex modulus of the blend from a
simple linear addition of the components to interfacial
tension.

I — ! I
G blend G components +G interface
(aG'a + ¢5G'g) + ’7(1 TZ) oy (4)
- A~ A B~ B _ T 2 2
7 01+ o’t,”
n — n n
G blend — G components +G interface

Ty wTq
= (PaG"s + $pG" +1(1——)— 5
( A A B B) T, 7)1 + wzrlz ( )

The volume fractions of the components are ¢ and ¢g,
with the subscript A denoting the dispersed phase. In
the above equations, the parameters 7; and 7, are
calculated from

B 5(191 + 16)
= To[l TG @i+ 3) ©)

B 3(191 + 16)
2= ’0[1 TG F @i+ 3) (7)
7R (192 + 16)(24 + 3) .
L 400, + 1) (8)
p=t ©

In these equations, nq and »nn are the Newtonian
viscosity of the dispersed phase and matrix phase of the
mixture, respectively, 1 is the viscosity ratio, R is the
radius of dispersed droplets, and o is the interfacial
tension. For the application of these equations to our
phase-separated PB/PI blends, the following assump-
tions were made: (1) The viscosity of the PB-rich (or
Pl-rich) matrix phase is equal to the viscosity of the PB/
Pl blend with PB-rich (or Pl-rich) continuous phase
having the equilibrium composition of the PB/PI phase
diagram at each temperature. (2) The droplet radius
used in each calculation is equal to the volume-averaged
radius of the dispersed droplets.

The assumption (1) is very reasonable because our
phase-separated blends correspond to a near equilibri-
um state. The binodal curve for PB/PI blends was
measured with phase contrast optical microscopy!® and
is shown in the inset of Figure 10. The equilibrium
compositions at a given temperature can be predicted
from the least-squares fit through the cloud points
of the PB/PI phase diagram.?* We used a fourth-
order polynomial equation for the prediction of the
compositional dependence of T¢ in the PB/PI phase
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Figure 5. Effect of interfacial tension on the calculated
dynamic storage and loss moduli (solid and dashed curves) for
given values of the volume fraction (¢»1 = 0.4) and the volume
average radius (R = 18.7 um) of the dispersed droplets at 130
°C. Measured storage modulus (open circles) and loss modulus
(open squares) for D40 blend at 130 °C. The calculated G' and
G'" values of the blend are represented with the different
values (0 = 0—1.14 mN/m) of interfacial tension. The droplet
radius of dispersed phase used in the calculations of G' and
G'" was independently measured under quiescent conditions
by using optical microscopy.

diagram. The solid curve is the fit for a polynomial
equation through the experimental data (see inset of
Figure 10). The resulting equation is T¢c = 143 — 605¢p,
+ 1743¢p2 — 2327¢p 2 + 1237¢pi*. The equilibrium
compositions obtained from the nontrivial solutions of
¢p from the previous equation are 0.023 and 0.909 at
Tc = 130 °C. Therefore, we estimated 7nq from the
viscosity of PB/PI blend with ¢p; = 0.023 and nm from
the viscosity of a PB/PI blend with ¢p; = 0.909 using
the log additive mixing rule. In all cases we used the
measured viscosity # of the blends.

Figure 5 shows the effect of interfacial tension on the
calculated storage modulus (G") and loss modulus (G")
of the D40 blend for a given volume fraction (¢p; = 0.4)
and volume average radius (R = 18.7 um) of the
dispersed droplets based on the model egs 4—9, with
the assumptions discussed previously. Since the volume
fraction, droplet radius, and viscosity are all known, the
only adjustable parameter for the results shown in
Figure 5 is the interfacial tension, o (see Table 2). The
curves calculated from the model equations as a function
of interfacial tension represent the effect of domain
interfaces on G' and G". At high frequencies (w > 10
rad/s), it is evident that the storage modulus is not
affected by the interfacial tension, whereas the storage
modulus at lower frequencies (v <10 rad/s) is sensitive
to the interfacial tension value. In contrast, the loss
modulus of the blend is not affected significantly by the
interfacial tension and is identical with the predictions
from the additive mixing rule of matrix and dispersed
components. Therefore, it is clear that the high values
of G’ at low frequencies can be explained quantitatively
by the contribution of the interfacial energy of the
phase-separated blend from eq 4. For a fixed volume
fraction, if the interfacial tension increases or the
droplet size decreases, the pronounced elasticity at low
frequencies is predicted to increase.

Figure 6a shows the effect of Pl concentration on the
storage modulus (G') of the PB/PI blends at 130 °C. The
curves in Figure 6a represent the calculated G' based
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Figure 6. (a) Dynamic storage modulus from the phase-
separated PB/PI blends at 130 °C: D10 (open circles); D20
(open squares); D40 (open diamonds); D50 (open triangles);
D60 (filled diamonds); D70 (filled triangles); D80 (filled circles).
The solid curve through the data represents the calculated G’
from the Gramespacher and Meissner model. (b) Dynamic
storage modulus from the phase-separated PB/PI blends at 130
°C: D10 (open circles); D20 (open squares); D40 (open dia-
monds); D50 (open triangles); D60 (filled diamonds); D70 (filled
triangles); D8O (filled circles). The solid curve through the data
is the predicted G' from the Palierne model.

on the G—M model eqs 4—9. For the comparison
between the experimental and calculated values of the
storage modulus, the interfacial tension has been de-
termined empirically so that the model function fits the
experimental values of G’ for the low and high frequen-
cies. A good overall agreement is observed between
experimental results and predictions of the model. The
experimentally measured parameters (R and 7o) that
are used in these calculations and the interfacial tension
determined from the fitting are summarized in Table
2. Itis clear that there is well-developed dependence of
G’ on PI concentration until ¢p; = 0.6 (D60). However,
the storage moduli of the D70 and D80 blends at low
frequencies (w < 0.4 rad/s) show significant deviations
and do not depend on the concentration of PI. This is
due to the decrease in the droplet radius of the dispersed
phase when the concentration of Pl in the blends
increases from ¢p; = 0.6 to ¢py = 0.7 and ¢p; = 0.8. It is
also interesting to note that the theoretical predictions
overestimate the storage modulus, G', at low frequencies
(w < 0.2 rad/s). This may be explained by polydispersity
(see Table 2) of the dispersed domains in the PB/PI

Macromolecules, Vol. 33, No. 26, 2000

blends. At lower frequencies or longer relaxation times,
relatively large droplets dominate the storage modulus.
At a fixed concentration of PI, the predicted value of G’
increases as the droplet radius decreases or interfacial
tension increases.

Alternatively, we can use the Palierne analysis for
the viscoelastic emulsions of incompressible materials
in the linear viscoelastic range of deformation to deter-
mine the interfacial tension,’? where the dispersed
droplets are assumed to be spherical and of equilibrium
composition. If the complex, frequency-dependent sur-
face dilation modulus, surface shear modulus, and the
polydispersity of dispersed droplets are assumed to be
negligible, the following simplified expression for the
complex modulus of a blend is obtained:

1+ 3¢pH(w)

G*=Gn(w) 1= 20H(w)

(10a)

with

H(w) =

4%[26?;(60) +5Gg(@)] + [Gi(w) — GL(@)][16G(w) + 19G;(w)]

40%[G?‘n(w) + Gg(w)] + [3Gp(w) + 2G(w)][16Gr,(w) + 19G(w)]

(10b)

where G}, (w) and Gj(w) are the complex modulus of the
matrix and dispersed phases at frequency w, respec-
tively, and ¢ is the volume fraction of dispersed phase
component. For simplicity, if we assume that the
interfacial tension is constant in a mixture of two
Newtonian liquids, the model equation can be simplified
as

1+iwr,

G*(a)) = iwn lel_l (11)

In the above equations, the parameters 7; and 7, are
calculated from

(191 +16)[24 +3 — 2,(1 — 1)]

n= 02ROy —2emi v P
194 + 16)[24 + 3 — 3¢,(4 — 1
T, = (o.zsan/a)( Ut ) (13)

10(1 + 1) + 3¢(51 + 2)

In these equations, »nm, is the Newtonian viscosity of the
matrix phase of the mixture, 1 is the viscosity ratio, R
is the radius of dispersed droplets, and o is the inter-
facial tension. Since our polymer blends are viscoelastic
liquids, the assumption of Newtonian fluids used in our
Palierne analysis is only valid at low frequencies, where
G' <« G". Therefore, to account for the frequency
dependence of the blend over the whole frequency range,
we use a simple additive mixing rule and write for our
PB/PI blends:®

o’n(t, — 1)

G'yiong = (602G’ s + $5G'g) +
blend A~ A B~ B 1+6()2'L'12

(14)

w277(1 + wzrlrz)

GI' — (¢ G'I + ¢ G'I ) +
blend A~ A B B 1+ wzz_lz

(15)
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Table 3. Parameters Used in Palierne’s Analysis and Interfacial Tension at 130 °C

blends Ppi Rn? (um) R\P (um) Rv/Rn 102 (Pa-s) R/o (m2/N) on (MN/m) ov (MN/m)
D10 0.102 1.9 +0.1¢ 2.2 1.12 256 + 1.0 0.013 0.15 0.17
D20 0.204 454+0.2 5.0 1.10 315+ 04 0.014 0.32 0.36
D30 0.306 9.0+ 0.6 119 1.31 355+ 1.2 0.016 0.56 0.74
D40 0.408 115+ 1.0 18.7 1.63 391+ 0.8 0.019 0.61 0.98
D50 0.500 11.8+ 1.0 17.9 1.52 431+ 1.2 0.012 0.98 1.49
D60 0.602 13.7 £ 0.9 19.0 1.39 454 + 2.6 0.0054 2.54 3.52
D70 0.714 9.0+ 0.6 11.2 1.25 484 + 3.1 0.0037 2.42 3.03
D80 0.816 3.3+0.1 3.6 1.08 530 + 3.0 0.0033 1.01 1.08

a8 The dynamic zero shear viscosity of homopolymers and blends was obtained by averaging over plateau values of viscosity at a wide
range of frequency at 130 °C. ® The average radius of dispersed droplet was obtained by examining a full micrograph (220 x 160 xm?2) and
averaging 23—58 droplets per sample. ¢ The uncertainties in quoted numerical results represent the estimate of the standard error in
experimental uncertainty. 9 The subscript n refers to number-average particle size, and the subscript v refers to volume-average particle

size.

The curves in Figure 6b represent the predicted G'
from the Palierne model for emulsions of two Newtonian
liquids® and the additive mixing rule. For comparison
between the experimental and predicted values of G,
the interfacial tension was determined by trial and error
to obtain the best fit to the experimental values of G'(w)
for the low and high frequencies. A good overall agree-
ment between experimental and theoretical curves is
obtained over the whole frequency range. The experi-
mentally measured parameters (R and 7) that are
needed to calculate G' and G" in the Palierne model and
the interfacial tension determined from the fitting are
summarized in Table 3. The Palierne analysis of G’
provides slightly better agreement with data than the
analysis of the G—M at low frequencies (v < 0.2 rad/s)
for D40, D50, and D60.

As a third approach, we determined the interfacial
tension from the D40 and D60 blends by measuring the
aspect ratios of dispersed domains under simple shear
flow.2> To determine the interfacial tension, we use
Taylor theory for a single droplet,26 which gives the
following relation:

_ 2(1+1.18752)
B 1+ 4

where D = (¢ — 1)/(¢ + 1) is the deformation factor,
where ¢ is the aspect ratio of deformed domains under
simple shear, and Ca = yR/o, where Ca is the Capillary
number, » is the viscosity of continuous phase, y is the
shear rate, R is the radius of droplet, and o is the
interfacial tension. Equation 16 only holds for the
deformation of a droplet under simple shear flow
without breakup. Taylor theory suggests that droplet
breakup occurs when Ca > 1. In the D40 blend with 4
= 3.2, the breakup was observed at Ca ~ 0.2, whereas
the breakup was not observed until Ca ~ 2.0 in D60
blend with 1 = 0.3. The interfacial tensions obtained
from the linear plots of D vs 7 based on eq 16 in D40
and D60 blends are 0.35 and 0.33 mN/m, respectively.

As a fourth approach, we predicted the interfacial
tension of the PB/PI blend from the Helfand—Tagami
(H=T) theory extended by Broseta et al.,?” which
requires the Flory—Huggins interaction parameter (y),
the statistical segment length (b), the monomer density
(o), and the molecular weight to predict the interfacial
tension o.

Ca (16)

2
_ wl, 71 1
o = bpokT(1/6)"?| 1 _12x(_NA o B)] (17)

Na and Ng are the degree of polymerization of polymers
A and B, respectively, k is the Boltzmann constant, and
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Figure 7. Interfacial tensions estimated by various methods
for different blend compositions at 130 °C. The solid line
represents the interfacial tension predicted from the Helfand—
Tagami theory, which does not change at the phase inversion
point. Symbols: Taylor theory (hatched squares); Palierne
model (filled circles); Gramspacher—Meisner model (open
squares).

T is the absolute temperature. The parameters that are
needed to calculate the interfacial tension of the PB/PI
blend are obtained from small-angle neutron scatter-
ing.?® The interfacial tension of the PB/PI blend pre-
dicted from the eq 17 was 0.676 mN/m. The numerical
values of the parameters that are needed to calculate
this estimate of the interfacial tension of the PB/PI
blend at 130 °C were given in ref 29.

Figure 7 compares the interfacial tensions estimated
by various methods for different blend compositions at
130 °C. The interfacial tension of the blends increases
smoothly as the PI volume fraction increases from 0.1
to 0.5 due to the increase in the storage modulus of the
blends. A large increase in the interfacial tension occurs
at ¢p; = 0.55, which corresponds to the phase inversion
composition determined from the storage modulus.®
The model of Utracki3® predicts the phase inversion
composition of our PB/PI blend, 0.6, in good agreement
with our experimental value. The solid line in Figure 8
represents the interfacial tension predicted from the
H-—T theory, which does not change at the phase
inversion point. The dramatic increases of the interfacial
tension from both the Palierne and G—M'’s analyses
around the phase inversion composition suggest that the
rheological methods for determining the interfacial
tension of polymer melt blends have some sort of crisis
near the phase inversion point. That crisis could be
caused by co-continuous structures being formed, but
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Figure 8. Storage modulus of D40 blend measured under the
two different perturbation conditions: (1) constant strain
amplitude (yo = 8.08, circles) and (2) constant stress (5000
N/m?, squares). Oscillatory shear measurements were per-
formed at constant-stress mode with a large stress, which gives
large strains, yo = 6.0, at the low frequencies (war < 1.0 rad/
s) (see an inset of Figure 8). Inset: a reduced frequency plot
of strain amplitude D40 blend at various temperatures (30—
130 °C) which covers the single-phase and two-phase regions
in the phase diagram.

our microscopy results on all PB/PI blends studied show
only discrete droplets. However, there is a possibility
of complex morphologies around phase inversion point.
Recently, Grizzuti et al. reported that they observed a
much more complex morphology from an immiscible
polyisobutylene (PI1B)/poly(dimethylsiloxane) (PDMS)
blend, made of repeatedly nested droplets instead of co-
continuous structures near the phase inversion point.3!
We perhaps missed Pl-rich droplets within the large PB-
rich droplets (or vice versa) near the phase inversion
point due to the relatively very small refractive index
contrast of our PB/PI blends than that of PIB/PDMS
blend.

Effects of Domain Deformation on G' and G". To
study the effect of domain shapes on the dynamic
modulus, we measured G' and G" at two different
perturbation conditions: (1) constant strain amplitude
(yo = 0.08) and (2) constant stress (5000 N/m?). Figure
8 shows the storage modulus of D40 blend measured
under the two different shear conditions. At yo = 0.08,
we find a large deviation in G' at low w due to the
increase in interfacial tension described above, whereas
at constant stress no deviation in G' from interfacial
tension at low w is observed. The domain deformation
under these two conditions is extremely different. The
small constant strain amplitude does not substantially
alter the droplet shape of the dispersed phase and yields
a linear viscoelastic response. The large constant stress
produces much larger strain amplitudes (yo > 6.0) at
low frequencies (war < 1) (see the inset of Figure 8).
The high stress or large strain amplitude at low
frequencies elongates the dispersed domains, resulting
in stringlike domains, and eventually can result in a
shear-induced mixing or homogenization.3? We repeated
the linear viscoelasticity experiments to confirm the
possibility of sample instability or droplet aggregation
after large stress amplitude experiment. However, the
linear viscoelastic response was maintained after the
large strain amplitude experiment. Apparently, domain
elongation at large strain amplitudes (yo > 6.0) destroys
most of the additional contribution by the interfacial
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Figure 9. Dependencies of G' on temperature at different
frequencies (w = 0.1, 0.4, 1.0, 2.5, 5.0, and 10 rad/s) for D40
blend. The arrows indicate the apparent phase-separation
temperature of the blend at each frequency.

tension to G' at low frequencies, resulting in typical
terminal zone behavior being observed over all frequen-
cies for G'.

Rheological Determination of Phase Separation
Temperature. As the phase separation tempera-
ture is approached, the linear viscoelastic properties of
the blend change substantially. Oscillatory shear ex-
periments at various temperatures above and below
the LCST were carried out at a fixed strain amplitude
(vo = 0.08) corresponding to linear response. The pur-
pose of this experiment is to determine the temperature
dependence of the linear viscoelastic properties of the
blend in the vicinity of phase separation. Figure 9 shows
the temperature dependence of storage modulus at
different frequencies (w = 0.1, 0.4, 1.0, 2.5, 5.0, and 10
rad/s) for the near critical blend D40. It is clear that
there are discontinuities in the slope of log G' vs T71
that occur at different temperatures for different fre-
guencies. In the homogeneous regime, an increase in
temperature results in a decrease of G' due to the
increase of chain mobility. The homogeneous mixture
has WLF dependence on temperature, which is typical
for single-phase polymer systems in the terminal visco-
elastic regime. As the temperature increases further
into the two-phase region, however, the storage modulus
at low frequencies (w < 10 rad/s) is dominated by the
interfacial tension between the droplets and the matrix,
and the interfacial tension has only a weak temperature
dependence. Using the above information, we assign the
point of change in the slope of log G’ vs T~ plot to the
apparent phase separation temperature Tx(w) indicated
by arrows.

Figure 10 shows the frequency dependence of the
apparent phase separation temperature Tx(w) obtained
from a near critical PB/PI blend (D40) data of Figure
10. Decreasing the frequency from 10 to 0.1 rad/s results
in a continuous decrease in the apparent phase separa-
tion temperature Tx(w). The inset of Figure 10 repre-
sents the LCST phase diagram of PB/PI blend. The solid
curve in the inset of Figure 10 is the least-squares fit
with the polynomial equation through the experimental
data obtained from D40 blend, and the dashed curve is
the extrapolation from the polynomial equation fit of
Tx(w). An extrapolation to w = 0 gives the phase
separation temperature, T¢c = 61.5 £ 0.5 °C (see inset
of Figure 10).
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Figure 10. Frequency dependence of the apparent phase-
separation temperature, Tx(w). Tx(w) was obtained from the
D40 blend. The bars show the error range of Tx(w) values
determined from G' measurement as a function of temperature
from the blend in both single-phase as well as phase separated
regimes. Inset: the lower critical solution temperature (LCST)
phase diagram as a function of Pl concentration (¢g) for the
PB/PI blends. The filled circles represent phase separation
temperatures of PB/PI blends measured from optical micros-
copy, and the open circles represent the predicted phase
separation temperature from the experimental data. The solid
curve is the least-squares fit for a polynomial equation through
the experimental data. The dashed curves represent the
predictions of the phase transition temperature of PB/PI
blends from the polynomial equation.

Conclusions

Phase-separated PB/PI blends have large values of
their linear viscoelastic storage modulus at low frequen-
cies. This is due to interfacial tension between the two
phases, and the interfacial tensions calculated from
linear viscoelsatic response using the analyses of Gram-
spacher and Messisner and Palierne agree reasonably
with other estimates except near the phase inversion
point. To study the effect of domain deformation, we
measured G' and G" at two different perturbation
conditions. The magnitude of the strain amplitudes at
low frequencies strongly affected G', presumably due to
its sensitivity to the domain shape and size of the
dispersed phase. The storage modulus also shows a
frequency-dependent discontinuity where temperature
is changed. Extrapolation of this frequency-dependent
discontinuity temperature to zero frequency gives an
estimate of T¢ that agrees well with that determined
from optical microscopy.
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