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Shear viscosity of phase-separating polymer blends with viscous asymmetry
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Rheo-optical measurements of phase separating polymer mixtures under simple shear flow have been used
to investigate the influence of domain morphology on the viscosity of emulsionlike polymer blends, in which
the morphology under weak shear is droplets of one coexisting phase dispersed in a matrix of the second. The
structure and viscosity of low-molecular-weight polybutadiene and polyisoprene mixtures, phase separated by
quenching to a temperature inside the coexistence region of the phase diagram, were measured as a function of
shear rate and composition. In the weak shear regime, the data are in qualitative agreement with an effective
medium model for non-dilute suspensions of slightly deformed interacting droplets. In the strong shear regime,
where a stringlike pattern appears en route to a shear-homogenized state, the data are in qualitative agreement
with a simple model that accounts for viscous asymmetry in the components.
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I. INTRODUCTION

Emulsions, suspensions, and binary fluid mixtures un
flows that resemble simple shear are commonly encount
in a variety of industrial processes, from polymer extrus
to the preparation of paints and slurries. Theoretical pre
tions of the rheological properties of such systems date b
to early models for the viscosity of dilute suspensions a
emulsions proposed by Einstein@1#, Taylor @2#, and Oldroyd
@3#. More recently, authors such as Choi and Schowalter@4#
and Palierne@5# have derived effective-medium theories f
the rheological properties of nondilute suspensions of
formable particles. A striking feature of these models is
increasing degree of computational complexity encounte
in the nondilute limit, even though the deformation of t
droplets is assumed to be infinitesimal. A quantity predic
by such work is the effective shear viscosity of the susp
sion ~h!, usually expressed in terms of the viscosity of t
suspending medium (hm), the volume fraction of the sus
pended droplets (fd), and the ratio of the viscosities of th
two fluids (l5hd /hm).

When the mixture is a phase-separating binary fluid in
vicinity of a critical point of unmixing, an additional level o
computational complexity emerges due to the coupling
tween stress and composition that governs the mixing of
two fluids in the presence of the flow field. Onuki@6# has
studied the structure and rheology of such systems ex
sively. In the limit of very weak shear, the flow stabilizes t
spinodal instability, leading to a steady-state domain pat
with limited anisotropy, often taking the form of an emu
sionlike distribution of moderately deformed, nearly sphe
cal droplets. As the shear rate (ġ) increases, the stabilize
domains deform and rupture. The mixing effect of the sh
field leads to a reduced interfacial tension very close to c
cality, where the steady-state domain pattern becomes hi
elongated along the direction of flow@7–10#, and at suffi-
ciently high shear rates the mixture becomes homogene
In most of these studies, the two components are assum
have equal viscosities. For mixtures whose pure compon
exhibit viscous asymmetry, the assumption that the visc
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ties are comparable may have some validity as a lead
order approximation close to the critical point in the regim
of strong shear, where the mixture is approaching a hom
enized state. In a number of cases of practical interest, h
ever, this may not be the case, and a higher degree of a
racy is desired. Viscous asymmetry, which is oft
encountered in the common practice of polymer blending
an important variable, for example, in the stability of cyli
drical filaments under shear@11#.

In this paper, we use light scattering, optical microsco
and rheometry to study the relationship between dom
morphology and shear viscosity in low-molecular-weig
blends of polybutadiene and polyisoprene undergoing ph
separation in the presence of simple shear flow. In the w
shear regime, where the droplets are only slightly deform
the viscosity data are in qualitative agreement~without any
free parameters! with the Choi-Schowalter effective medium
model for nondilute suspensions of deformable, interact
droplets@4#. In the strong shear regime, where stringlike p
terns appear en route to shear-induced homogenization
interfacial contribution to the viscosity of a symmetric bina
mixture (l51) should vanish, since the unit vector norm
to the domain interface is everywhere perpendicular to
flow field @8#. Here, we find that the shear viscosity exhib
a discontinuity at the phase-inversion point, and we mak
simple physical argument that relates this behavior to
viscosity ratio.

II. MATERIALS AND METHODS

A. Materials

The polymers used in this study were synthesized
Goodyear Tire and Rubber Company@12#. The number-
averaged relative molecular mass (Mn), the mass-average
relative molecular mass (Mw), and the polydispersity were
determined by gel permeation chromatography, and the
crostructure was probed using13C nuclear magnetic reso
nance. The polymer chains are statistical copolymers c
posed of 1-4, 1-2 isomers and 1-4, 3-4 isomers, respectiv
The polybutadiene~PB! has a mole fraction of 1-2 isomer
©2001 The American Physical Society03-1
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equal to 0.1, while the polyisoprene~PI! has a mole fraction
of 3-4 isomers equal to 0.07. In general,Mn551 000 and
Mw /Mn51.04 for the PB, whileMn588 000 andMw /Mn

51.08 for the PI. The blends were prepared via solut
blending from methylene chloride~mass fraction polymer
0.02! containing the appropriate amount of each compon
and a small amount~mass fraction 0.0005! of Goodyear
Wingstay #29 antioxidant. The mixture was stirred at roo
temperature for 1 day and filtered through a 0.45mm Gelman
Acrodisc CR PTFE filter. The solvent was then evapora
under an atmosphere of flowing nitrogen gas, and the sam
was dried in a vacuum oven at room temperature for sev
days. All shear experiments were performed at 130
where the blends are immiscible under quiescent conditio
The samples were heated from room temperature to 13
and held for 120 min before shearing to obtain a reprod
ible initial two-phase morphology for each sample.

B. Instrumentation

The in situ light scattering and optical microscopy instr
ment, capable of collecting two-dimensional light scatter
data and real-time microscopy images in the flow/vortic
plane, was designed and constructed for conducting op
measurements of complex fluids under simple shear fl
@13#. The sample compartment is composed of two elec
cally heated quartz plates, and the temperature of each
is controlled to within 60.5 K by a 100V platinum-
resistance-temperature-detector element in conjunction
a 1 mA current source. The gap between the plates was fi
at 465mm. A beam of vertically polarized monochromat
light from a 15 mW He-Ne laser~wavelengthl5632.8 nm!
was directed through the sample. The image of the scatt
light in the angular range 4–27°, corresponding to wave v
tor ~q! values ranging from 0.23 to 1.54mm21, was focused
onto a thermoelectrically cooled two-dimensional char
coupled-device~CCD! detector using a pair of spherical co
densers, and the array of data from the 2563256 pixel CCD
camera was then transferred to a personal computer.
microscope image is collected with a different CCD cam
~Dage MTI, model 72!, recorded onto a super-VHS tape, a
digitized using a frame grabber from Data Translation~DT
3851!. A Rheometrics Scientific SR-5000 rheometer
parallel-plate geometry was used for steady shear meas
ments of the viscosity, which were carried out with 25 m
diameter fixtures and 0.460.01 mm gap thickness. The tem
perature was controlled to within60.5 K, and the measure
ments were carried out under a nitrogen atmosphere to
vent any thermal degradation of the polymers, which
known to be sensitive to heat.

C. Phase diagram

The phase-separation temperature of the blend was d
mined by phase-contrast optical microscopy. Conventio
bright field microscopy relies on a significant refractive i
dex difference between the two phases in order to resolve
image. In the case of phase-separated PB/PI blends,
difficult to obtain a well-resolved image with bright-field m
croscopy because the refractive index difference between
06140
n

nt

d
le
al
,
s.
°C
-

g

al
w
i-
ate

th
ed

ed
c-

-

he
a

re-

e-
e

er-
al

he
is

he

two components is small~nPB51.512 andnPI51.517! @14#.
An advantage of this small optical contrast, however, is t
multiple scattering effects are suppressed when light sca
ing is used to probe the morphology. The coexistence cu
was determined using a step heating method@15#. The
sample was heated in 5-K increments and then allowed
anneal for 120 min. Near the transition temperature, the
tervals were reduced to 2 K for greater accuracy. Phase sep
ration was apparent as the formation of droplets, or dom
structures, during the 120-min intervals, while samples in
single-phase region appear as featureless, blank images
PB/PI blend has a lower critical solution temperature
(61.560.5) °C atfc50.43.

III. RESULTS AND DISCUSSIONS

The measured phase diagram in the tempera
PI-volume-fraction (T-f) plane is shown in Fig. 1. From a
spline fit of this data, we extrapolate the PI volume fractio
of the two coexisting phases after a quench to 130 °C;f1
50.025 andf250.92. For an arbitrary PI volume fractio
f, the volume fractions of the two coexisting phases
given by the lever rule@16#: x15(f22f)/(f22f1) and
x25(f2f1)/(f22f1). A previous study@17# suggests that
this system phase inverts atf50.55, implying that forf
,0.55 the volume fraction of droplets isfd5x2 , while for
f.0.55 the volume fraction of droplets isfd5x1 . In the
following analysis, we assume that these volume fractions
not change with shear rate, which is probably not rigorou
correct@7#. The highest shear rate considered here is 1021,
where the morphology is stringlike on both sides of t
phase inversion point. Although some mixing has undou
edly occurred at this point@7,9#, these blends typically do no
become completely homogenized until shear rates of ab
100 s21, and thus this assumption serves as a useful

FIG. 1. Phase diagram of the PB/PI system in the temperat
PI-volume-fraction (T-f) plane, where the large markers are da
points and the curve is an empirical fit of the data. The horizon
dashed line shows the fixed quench depth of 130 °C, and the
small markers indicate the extrapolated PI volume fractions of
two coexisting phases.
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approximation. In Fig. 2 we show the shear viscosity of b
of the pure melt components at 130 °C. No evidence of s
nificant shear thinning is evident in either component up
the highest shear rate considered in this study. Knowing
pure melt viscosities, the viscosities of the two coexist
phases at 130 °C can be calculated fromf1 andf2 assuming
a log-additive mixing rule@18#, and these values are ind
cated as dashed lines in Fig. 2. Forf,0.55, the viscosity
ratio is thusl52.67, while forf.0.55, the viscosity ratio is
l50.37.

Figure 3 shows light-scattering/micrograph pairs at diff
ent shear rates forf50.40 at 130 °C, where the width o
each micrograph is 200mm and the scattering patterns su

FIG. 2. Steady shear viscosity of the pure melt components
function of shear rate at 130 °C. The two dashed lines are the
cosities of the two coexisting phases assuming a log-additive m
ing rule.

FIG. 3. Light-scattering/micrograph pairs at different shear ra
for f50.40, where the width of each micrograph is 200mm and the
scattering pattern subtends an angle of 27°. The droplets are P
in a PB-rich matrix, at~a! 0.001,~b! 0.01, ~c! 0.1, and~d! 10 s21.
The flow direction is to the right and the gradient direction is in
the page.
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tend an angle of 27°@for the corresponding wave-vecto
range, see Sec. II B#. The flow direction is to the right and
the gradient direction is into the page. At this compositio
which is close to critical, the morphology has coarsened i
well-defined PI-rich droplets in a PB-rich matrix before th
shear is applied. Atġ50.001 s21, the coarsening of the do
mains is stabilized by the shear flow, and the steady-s
morphology is emulsionlike, with a polydisperse distributio
of essentially spherical droplets@Fig. 3~a!#. At ġ50.01 s21,
the flow starts to deform the droplets so that the project
into the flow-vorticity plane becomes extended along
flow direction @Fig. 3~b!#. At ġ50.1 s21, the droplets have
started to burst and the anisotropy has become more
nounced. A stringlike pattern with an extremely high asp
ratio in both real and reciprocal spaces has emerged aġ
510 s21 @Fig. 3~d!#.

Figure 4 shows light-scattering/micrograph pairs at diff
ent shear rates forf50.60 at 130 °C, where again the widt
of each micrograph is 200mm and the scattering pattern
subtend an angle of 27°. Here, the droplets are PB-rich
PI-rich matrix. The overall evolution of the anisotropy
qualitatively quite similar to that exhibited atf50.40 ~Fig.
3!; however, the steady-state morphology at higher sh
rates @Figs. 4~c! and 4~d!# is coarser, which can be mos
easily seen by comparing Figs. 3~c! and 4~c!. The origin of
this difference probably lies in the viscous asymmetry of
two components. For isolated droplets, filamentlike str
tures generally do not occur in shear flow forl.1, while for
l,1 they do@19#. Thus, the domains in Fig. 4 are readi
extended to high aspect ratios at shear rates where tho
shown Fig. 3 tend to rupture. The appearance of a string
pattern at high shear rates when the viscosity ratio is gre
than or comparable to unity has been previously attribute
a shear-induced decrease in the interfacial tension due to
homogenizing effect of the shear flow@7#. Shear-induced
coalescence, however, likely plays an equally important ro
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FIG. 4. Light-scattering/micrograph pairs at different shear ra
for f50.60, where the width of each micrograph is 200mm and the
scattering pattern subtends an angle of 27°. The droplets are
rich in a PI-rich matrix, at~a! 0.001,~b! 0.01, ~c! 0.1, and~d! 10
s21. The flow direction is to the right and the gradient direction
into the page.
3-3
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particularly in mixtures with significantly different melt vis
cosities for whichl.1.

Figure 5~a! shows the steady-state shear viscosity of
blend at four different shear rates as a function of the
volume fraction at 130 °C, where the dashed curve is
viscosity of the homogenized mixture calculated assum
log-additivity of the melt viscosities@18#. The vertical
dashed line in Fig. 5 indicates the phase inversion po
wherefd switches fromx2 to x1 , l inverts to 1/l, and the
shear viscosity exhibits a discontinuity@17#. The upper, solid
curve is the theoretical prediction for a nondilute suspens
of deformable particles derived by Choi and Schowalter@4#.

h'11fd

~5l12!

2~l11!
1fd

2 5~5l12!2

8~l11!2 1¯ . ~1!

FIG. 5. ~a! Shear viscosity of the blends for different shear ra
as a function of the PI volume fraction, where the dashed curv
the viscosity of the homogenized mixture, assuming log-additiv
of the melt viscosities. The upper curve is the theoretical predic
for slightly deformed droplets from Ref.@4#, and the lower curve is
a fit based on the simple physical model derived in the text. Af
50.55 ~vertical dashed line! the system phase inverts from PI-ric
droplets to PB-rich droplets, and the shear viscosity exhibits a
continuity. ~b! Excess shear viscosity as a function of PI volum
fraction in the strong shear regime, wherel.1 for f,0.55 and
l,1 for f.0.55.
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There are no free parameters in this comparison with the
which gives a reasonable description of the data forġ
50.001 s21. Two exceptions aref50.20 and 0.30, where
the theory appears to overestimate the blend viscosity
nificantly. At ġ50.01 s21, where the droplets are substa
tially deformed and ellipsoidal in shape, the above analy
~which is derived for nearly spherical droplets! would appear
to be inadequate.

At the three highest shear rates, the domain morpholog
stringlike and the blend viscosity is relatively insensitive
shear rate. The data suggest a slight reduction in visco
~relative to the homogenized state! in the regime wherel
.1, and a slight enhancement in the regime wherel,1,
with a discontinuity at the phase inversion point. This beh
ior can be seen more clearly by plotting the calculated exc
viscosity,Dh5h2h0 , as a function of PI composition@Fig.
5~b!#, where h0 is the calculated viscosity of the homog
enized mixture@dashed curve, Fig. 5~a!#. A simple but physi-
cal explanation for this behavior might lie in the details
the blend morphology, which depends strongly on shear r
In general, the volume fraction of strings is

fd;pD2/l 2, ~2!

where D is the mean string diameter andl is the mean
separation between strings in the gradient-vorticity pla
Consider a volume element of heighth along the gradient
direction. If the lower surface of this volume element is
rest, then the top surface will move at a rate

n;NsDġd1~h2NsD !ġm , ~3!

implying an effective shear raten/h, whereġd is the shear
rate in a string,ġm is the shear rate in the matrix, andNs
;h/l is the mean number of strings in the flow-gradie
plane. Note that continuity of tangential shear stress ac
an interface implieshdġd;hmġm . The effective viscosity is
thus

heff'hmġmh/n'hmH 11S fd

p D 1/2S 1

l
21D J 21

. ~4!

In the limit fd→0, Eq. ~4! reduces to the viscosity of th
matrix, as it should. The opposite limit (fd→1) is inappro-
priate, as the system inverts. A fit of the data to this expr
sion is shown as the lower solid curve in Fig. 5~a!. To gen-
erate this comparison with theory, the matrix viscosity w
fixed asymptotically andl was varied as a free paramete
giving l52.8 for f,0.55 andl50.75 for f.0.55. These
values can be compared with the accepted values of 2.67
0.37, respectively. Although it might be argued that t
model is physical, since it gives order-of-magnitude agr
ment with experiment, a more detailed and quantitative t
oretical treatment is clearly needed.

IV. CONCLUSIONS

Based on Fig. 5, the viscosity of the phase-separa
blend would appear to be quite sensitive to the spec
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steady-state domain morphology, which varies from em
sionlike distributions of nearly spherical domains und
weak shear to highly asymmetric stringlike filaments un
moderate to strong shear. Although of great practical
fundamental significance, critical blends with viscous asy
metry have received little or no computational attention. F
moderately deformed domains, models of the type propo
in Ref. @4# would appear to have some validity when appli
to blends, which amounts to treating the stabilized pha
separating mixture as a nondilute suspension of deform
particles. For modest to extreme deformations, one ca
principle find similar analogies with existing rheologic
models of highly deformed emulsions, similar to but mo
sophisticated than the simple physical model proposed in
previous section. One essential feature that such mo
.

ys

ap
an
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would ignore, however, is the critical-dynamic aspect of t
problem that dominates when the mixture is in the vicinity
a consolute point. Calculations of the type described in R
@6# and simulations of the type described in Ref.@10# that
incorporate viscous asymmetry would be particularly use
and relevant, and it is hoped that the work described h
will help guide and motivate such a formalism.
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