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Synopsis

Block copolymers may be added as surface-active compatibilizers in order to control the
morphology of blends of immiscible polymers. The effects of such added compatibilizers on the
rheological properties of droplet–matrix blends are investigated experimentally. Model blends
composed of polyisobutylene~PIB! droplets in a polydimethylsiloxane~PDMS! matrix,
compatibilized with a diblock copolymer of PIB and PDMS, are studied here. The viscosity ratio of
the blends, i.e., the ratio of the viscosity of the droplets to that of the matrix, is varied from 0.1 to
2.7. The viscosity and the first normal stress difference under steady shear conditions, and complex
moduli after cessation of shear are measured. It is found that addition of the compatibilizer slightly
raises the magnitude of the terminal complex viscosity of blends at all ratios of viscosity.
Furthermore, with addition of the compatibilizer, the terminal relaxation time is found to increase
sharply at high viscosity ratios, whereas the steady shearN1 is found to increase at low viscosity
ratios. These experimental observations are consistent with Marangoni stress caused by
flow-induced gradients in the compatibilizer concentration on the surface of compatibilized drops.
It is shown that, qualitatively, the effects of the Marangoni stress are somewhat analogous to an
increase in drop viscosity. ©2004 The Society of Rheology.@DOI: 10.1122/1.1765662#

I. INTRODUCTION

Blending of immiscible polymers is often the most economical means of achieving
desired product properties. The processing history strongly affects the morphology and
properties of a blend, hence, the relationship between flow and the structure of immis-
cible blends is a topic of intense current interest. Past research has elucidated the key role
played by interfacial tension, and the volume fraction and relative viscosity of the com-
ponents, and has yielded insight into the various phenomena that determine the flow-
induced structural evolution of immiscible blends. Key features of the dynamics of im-
miscible blends as reviewed by Tucker and Moldenaers~2002! are as follows: For
droplet-matrix morphologies, structural evolution during shear flow occurs primarily by
the deformation, breakup, and coalescence of droplets. Droplet deformation is governed
by two dimensionless numbers: the viscosity ratio,p 5 hd /hm , and the capillary num-
ber,

Ca 5
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restoring interfacial stress
5
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whereR is the radius of the droplet,a is the interfacial tension,ġ is the shear rate, and
hd andhm are the viscosities of the droplet and matrix fluids, respectively. Such droplet
deformation corresponds to storage of mechanical energy via interfacial deformation and
confers viscoelasticity upon a blend. If the deforming stress is sufficiently high, i.e., if

Ca > Cacr~p!, ~2!

droplets breakup, primarily by simple rupture of moderately elongated droplets or capil-
lary breakup of highly elongated fibrils. HereCacr is the critical capillary number for the
breakup of droplets. Finally, flow induces collisions, and hence coalescence, of droplets
@Chesters~1991!#. The capability to break up and coalesce implies that immiscible blends
have no intrinsic length scale; the characteristic length scale of the blend, i.e., the drop
size, depends on the flow field applied@Vinckier et al. ~1996!; Kitade et al. ~1997!#.

Surface-active species are often employed to promote blending of incompatible liq-
uids. In the case of immiscible polymer blends, this ‘‘compatibilizer’’ may be added prior
to blending or be generated by an interfacial chemical reaction during blending. Various
aspects of the compatibilization of polymers have been discussed in recent reviews@di
Lorenzio and Frigione~1997!; Koning et al. ~1998!#. Compatibilizers can reduce the
interfacial tension between the immiscible phases of a blend, and thereby reduce the
average drop size by facilitating breakup of droplets as per Eqs.~1! and~2!. Reduction of
interfacial tension is however not the only effect of compatibilizer addition@Van
Puyvelde et al. ~2001!#. Compatibilizers can also suppress coalescence of droplets
@Sundararaj and Macosko~1995!; Macoskoet al. ~1996!; Milner and Xi ~1996!; Ramic
et al. ~2000!; Velankaret al. ~2001a!; Van Hemelrijcket al. ~2004!#, induce interfacial
viscoelasticity @Riemann et al. ~1997!; Jacobset al. ~1999!; Van Hemelrijck et al.
~2004!#, and cause effects related to gradients in the interfacial concentration of the
compatibilizer@de Bruijn ~1993!; Hu et al. ~2000!; Velankaret al. ~2001b!#.

Much work has been done on the morphological characteristics of compatibilized
blends. Much less is known about their rheological properties@see Riemannet al. ~1997!;
Iza et al. ~2001!; Zarragaet al. ~2001!; Sunget al. ~2003!, and references cited therein#.
Most of the work has been performed with blends of commercial polymers whose com-
plex rheological properties make it difficult to isolate the effects of the compatibilizer.
Moreover, the amounts of compatibilizer added are often very large, generally more than
1% of the total and often as much as 10% of the total volume. These volume fractions are
sufficiently large that the compatibilizer might form complex phases with the homopoly-
mers or a separate phase of its own, and/or modify the rheological properties of the bulk
phases of the blend significantly. A systematic study of the dynamic effects of a small
amount of added compatibilizer on blends of simple fluids is still lacking. Here we
investigate the rheological properties of blends of rheologically simple~i.e., nearly New-
tonian! liquids, compatibilized by small amounts~1% or less! of a well-characterized
diblock copolymer in simple shear flow.

The blend system is composed of polyisobutylene~PIB! and polydimethylsiloxane
~PDMS! compatibilized by an unentangled PIB-PDMS diblock copolymer. This system is
an extension of past research on uncompatibilized PIB/PDMS blends@see Guidoet al.
~1999!, and references therein#, which are regarded as experimentally convenient substi-
tutes for commercial polymer blends due to their low viscosity at room temperature, high
immiscibility, nearly Newtonian behavior of the components, and transparency. In a
previous article@Velankar et al. ~2001b!#, PIB/PDMS blends with viscosity ratiop
' 1, 10% of dispersed phase, and various~low! levels of compatibilizer were studied.

The main observation in the previous study atp ' 1 was that addition of a compatibi-
lizer caused the steady-shear capillary number to increase to values well aboveCacr for
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breakup of uncompatibilized droplets@Velankar et al. ~2001b!#. This suggests that the
hydrodynamic stress required to break compatibilized droplets is higher than that ex-
pected from their interfacial tension. Based on earlier simulations@Stone and Leal~1990!;
Li and Pozrikidis~1997!#, it was concluded that the most likely cause of this is a gradient
in the interfacial concentration of the diblock copolymer along the drop’s surface. This is
believed to cause a gradient in interfacial tension~Marangoni stress!, which resists de-
formation and breakup of compatibilized droplets.

In this paper, the effect of addition of a compatibilizer on the rheological properties of
blends is investigated. Both the linear dynamic mechanical properties as well as the
nonlinear steady-shear properties are discussed, with emphasis on compatibilizer effects
at different viscosity ratios. As in the previous article@Velankaret al. ~2001b!#, the focus
is not on the effect of added compatibilizer on the interfacial tension or the absolute size
of droplets, but on rheological characteristics such as the relaxation time, viscosity, and
normal stress. We ask, ‘‘Given a blend of certain viscosity ratio and volume fraction, how
does a surface-active compatibilizer change the rheological properties?’’ As before@Ve-
lankaret al. ~2001b!#, in discussing the results, the compatibilizer is regarded only as a
surfactant that decreases interfacial tension. Issues such as swelling of the blocks of the
diblock by homopolymers or finite interfacial thickness are not discussed here.

II. EXPERIMENT

The blends were composed of two different grades of PIB~Parapol 950 and Parapol
1300, Exxon Chemical Co.! and two grades of PDMS~Rhodorsil v. 100 000 and Rhodor-
sil v. 200 000, Rhodia Chemicals!. The viscosity of PIB is much more sensitive to tem-
perature than that of PDMS, hence, the viscosity ratio could be varied significantly by
changing the temperature of the blends. The viscosities of the pure components are listed
in Table I. All components were approximately Newtonian under the experimental con-
ditions. A diblock copolymer of PIB–PDMS was purchased from Polymer Source Inc. Its
structural characteristics as measured by the supplier areMw,PIB 5 6150; Mw,PDMS
5 8000; polydispersity; 1.3. The low molecular weights of the blocks imply that

there are no entanglements between the blocks and the matrix.
Blends were prepared by mixing the diblock into PIB, and then dispersing this mixture

into the PDMS matrix. All mixing was performed by hand with a spatula; since all
samples were preconditioned with a specific shear history prior to measurement, differ-
ences in mixing conditions may be assumed to be relatively unimportant. This assump-
tion is known to be valid for similar uncompatibilized blends@Vinckier et al. ~1996,

TABLE I. Viscosity ratios and constituent of blends.

Blend
seriesa

T
~°C! p Dropb

hd
~Pa s! Matrixc

hm
~Pa s!

B0.1-y 32 0.10 P950 18 D200 181
B0.3-y 32 0.29 P1300 53 D200 181
B0.5-y 23 0.54 P1300 113 D200 211
B1.1-y 23 1.06 P1300 113 D100 107
B1.7-y 17 1.74 P1300 210 D100 121
B2.7-y 11 2.65 P1300 366 D100 138

ay is the amount of compatibilizer in wt % of dispersed phase and it can be 0, 2, or 10.
bP9505 PIB with Mw 5 950; P13005 PIB with Mw 5 1300.
cD2005 Rhodorsil v. 200 000; D1005 Rhodorsil v. 100 000.
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1998!# and was verified for similar compatibilized blends withp 5 1.06 described pre-
viously @Velankaret al. ~2001b!#. All blends had 10 wt % of dispersed phase, i.e., volume
fraction f 5 0.108 at room temperature. Blends are designated Bx-y, wherex is the
viscosity ratio andy is the amount of compatibilizer quoted as a weight percentage of
dispersed phase. For example, a ‘‘2% compatibilized’’ blend has overall 0.2 wt % diblock
copolymer. In the present work, uncompatibilized, 2% compatibilized, and 10% compati-
bilized blends are investigated; thus the overall wt % of compatibilizer in the blend was
either 0.2 or 1 wt % of the blend. A 98:2 mixture of PIB:compatibilizer was found to have
a viscosity within 5% that of pure PIB. Similarly, a 98:2 mixture of PDMS:compatibilizer
had rheological properties that were indistinguishable from those of pure PDMS. Thus,
the compatibilizer did not significantly affect the rheology of the phases even at double
the largest concentration used in this research; clearly, the effects discussed in this paper
are not attributable to changes in the rheological properties of the bulk phases due to the
addition of the compatibilizer.

Dynamic mechanical measurements were performed on a Rheometrics Dynamic
Stress Rheometer equipped with a Peltier element to control the temperature, and using a
25 mm/0.1 rad cone and plate geometry. All samples were subjected to preshear of 4.8
s21 for 3000 strain units. They were then sheared at a lower rate of 1.2 s21 until steady
state was reached. The evolution of morphology was monitored by interrupting the shear
flow periodically, and conducting dynamic mechanical measurements at 25% strain in the
frequency range of 0.03–100 rad/s. This relatively large strain value was used to ensure
that the torque remained above the limit of sensitivity of the instrument. It was verified
that all measurements were in the linear viscoelastic region, and that the morphology did
not change during dynamic measurements. Steady-shear viscosities and normal stresses
during coalescence were measured with Rheometrics RMS-800 rheometer using 25 mm/
0.1 rad cone and plate geometry, and a water bath to maintain constant temperature. The
strain history for these experiments was identical to that for the dynamic mechanical
experiments.

III. RESULTS

Here in Sec. III, four rheological properties, the terminal relaxation time, the magni-
tude of the terminal complex viscosity, the first normal stress difference under steady
shear, and the steady-shear viscosity are considered in turn. Only data analysis and
experimental observations are described here; discussion is deferred to Sec. IV.

A. Dynamic oscillatory experiments: Terminal relaxation time

Figure 1 shows typical complex moduli and the magnitude of the complex viscosity
for the compatibilized blends studied in this work. The moduli and viscosity of the blends
have contributions from bulk phases~here called the ‘‘component contribution’’! and
from the interface. The solid lines in Fig. 1 show the component contribution calculated
from the Palierne model without interfacial tension~see below for details!. In the present
case this result is indistinguishable from the volume average contribution of the compo-
nents~not shown!. At high frequencies, the measured moduli anduh* u are nearly identical
to the component contribution. The most significant features in Fig. 1 are the shoulder in
G8 and the higheruh* u of the blend at low frequencies compared to the components. The
former is discussed next and the latter in Sec. III B.

For blends without a compatibilizer, both these features mentioned above are known
to result from the deformation and relaxation of droplets during the dynamic oscillatory
experiment@Graeblinget al. ~1993!#. Dimensional analysis suggests that the relaxation
time that corresponds to the shoulder inG8 is proportional tohmR/a, with further
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dependence on viscosity ratiop and volume fractionf. An exact relationship@Eq. ~10!,
presented later# for the relaxation time of blends with smallf was given in the Palierne
model@Palierne~1990!; Graeblinget al. ~1993!#. For uncompatibilized blends, this model
relates the complex moduli of blends to those of the components, the volume fraction of
the dispersed phase, and the parametera/R. Thus, the mean relaxation time of the blend
can be obtained by fitting the Palierne model to the complex moduli of the blend using
the quantitya/R as a fitting parameter.

For compatibilized blends, the ‘‘complete’’ Palierne model@Palierne~1990!# predicts
more complex behavior due to the interfacial viscoelasticity caused by the presence of the
compatibilizer. The main qualitative effect of interfacial viscoelasticity is an additional
shoulder in theG8 vs v data. This has been observed experimentally by Riemannet al.
~1997! and by Van Hemelrijcket al. ~2004!. Starting with the complete Palierne model
and making some simplifying assumptions, those authors were able fit the model to their
data and obtain the viscoelastic properties of the interface. The compatibilized blends
studied in this paper, however, like similar blends studied recently@Velankar et al.
~2001b!#, show moduli that are qualitatively similar to those of uncompatibilized blends,
i.e., only a single shoulder is apparent in theG82v curves as seen in Fig. 1. A more
careful analysis of the relaxation spectrum obtained using the NLREG software.
@Honerkamp and Weese~1993!# confirms that the compatibilized blends studied here
show only a single relaxation process. Yet, it cannot be concluded that interfacial vis-
coelasticity is absent. The lack of a second shoulder in the data does not provide conclu-
sive evidence of the absence of interfacial viscoelasticity; Jacobset al. ~1999! showed
theoretically that if the interfacial moduli are comparable to the interfacial tension, only
a single shoulder is seen inG8. Indeed, Van Hemelrijcket al. ~2004! observed that with
increasing amounts of compatibilizer, the two shoulders merged into one. Under such
circumstances, it is not possible to obtain reliable values of all the parameters in the
‘‘complete’’ Palierne model; there are simply too many parameters in the complete model

FIG. 1. Complex moduli and magnitude of the complex viscosity for typical compatibilized blends. These data
refer to B0.5-2 after shearing at 1.2 s21 until steady state was reached. Solid lines were calculated using the
Palierne model without interfacial tension, and thus represent the contribution expected from the pure compo-
nents that comprise the blend. This is indistinguishable from the volume average contribution of the compo-
nents~not shown!.
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for them to be obtained by fitting single-shoulderG8 data such as those shown in Fig. 1.
Thus how may be complex moduli of compatibilized blends studied here be analyzed
quantitatively?

Three different methods were discussed previously@Velankaret al. ~2001b!#.

~1! The Palierne model can be used if one simply ignores interfacial viscoelasticity. The
rationale is that, since there is only one shoulder inG8, there is no compelling reason
to include interfacial viscoelasticity in the analysis.

~2! The Palierne model can be used still ignoring interfacial viscoelasticity, but including
a variable volume fraction of the dispersed phase as an additional fitting parameter.
The rationale is that there are some drops with relaxation times that are very far from
the mean and they do not contribute to the shoulder inG8.

~3! The relaxation time of the shoulder can be obtained by fitting the data to a multimode
Maxwell model. The Palierne model can be ignored altogether.

For the blends studied here, the first two methods gave poor fits to the data for blends
with high viscosity ratios, and so these fits were not used in this paper. All analyses in this
paper were performed using the last method@Gramespacher and Meissner~1992!#.
Briefly, in this method, the relaxation timetd of the shoulder inG8 was obtained by
fitting a multimode Maxwell model to the difference inG8 of the blends andG8 expected
if the interfacial tension were zero@Dickie ~1979!; Secor~1992!# ~see Supplementary
Material in EPAPS Document No. E-JORH02-48-013404. Information on accessing this
document is contained at the end of the paper!. The quantitytdġ, denotedt* , is then
defined as the dimensionless relaxation time. It should be noted that no specific physical
mechanism for theG8 shoulder is implicit in the calculation oft* , i.e., the definition of
t* is model independent.

Figure 2 shows the evolution of the dimensionless relaxation time,t* , for some
selected blends. There are three notable features of the evolution curves. First,t* in-
creases after a step down in shear rate and reaches a plateau after long shearing times.
Second, thet* vs shear strain curves shift upward~i.e., towards highert* ) upon addition
of a compatibilizer. Both these features were seen previously for the B1.1 blends@Velan-
kar et al. ~2001b!#.

A third unusual feature is a maximum in thet* versus shear strain curve for some
compatibilized blends. This maximum is prominent for B0.5-10@Fig. 2~b!# and B0.3-10
~not shown!, although weaker maxima can be discerned for some other blends as well. It
is not an artifact of data fitting sinceG8 at any particular frequency in the terminal region
itself goes through a maximum. For blends withp . 0.54, no maxima could be dis-
cerned. Similar maxima have been seen in other compatibilized blend systems studied in
this lab@Velankaret al. ~2001a!#. The causes of these maxima are not known at present.

The primary concern here in Sec. III A is the effect of added compatibilizer on steady
sheartss* ~i.e., the value oft* after long shear times! of the blends as a function of the

viscosity ratio. For the uncompatibilized blends, Fig. 3 showstss* increases withp, gradu-
ally below p 5 1, but more steeply asp exceeds 1. The principal experimental observa-
tion in this section is that addition of a compatibilizer has no effect ontss* at low p, but

sharply increasestss* at highp. This will be discussed further in Sec. IV A.

B. Dynamic oscillatory experiments: Terminal complex viscosity

The magnitude of the terminal complex viscosity showed virtually no change as coa-
lescence proceeded after decreasing the shear rate from 4.8 to 1.2 s21. In this section we
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are concerned with the effect of the compatibilizer on the magnitude of the terminal
complex viscosity obtained upon stopping flow after steady-shear flow has been
achieved. The viscosity of droplet–matrix emulsions can be made conveniently dimen-
sionless by dividing by the matrix viscosity. The relative terminal complex viscosityh0r*
is thus defined as

h0r* 5 lim
v → 0

h*

hm
, ~3!

FIG. 2. Evolution of t* during coalescence at 1.2 s21 for blends with selected viscosity ratios. Similar curves
for the B1.1 series of blends have been shown previously@Velankaret al. ~2001!#.
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whereh* is the complex viscosity of the blend. The absolute valueuh0r* u is expected to
equalh0r , the relative steady shear viscosity of the blend in the limit of zero shear rate.
Deviations ofuh0r* u from unity reflect the contribution of droplets to the terminal complex
viscosity.

The magnitudes of the relative terminal complex viscosities of the uncompatibilized
and compatibilized blends are shown in Fig. 4 as a function of the viscosity ratio,p. The
primary experimental observation is that the compatibilized blends have higheruh0r* u

FIG. 3. Dimensionless terminal relaxation timestss* after stopping steady shear at 1.2 s21 as a function of the
viscosity ratio. The point corresponding to the B2.7-0 blend ist* after shearing for; 120 000 strain units. The
arrow pointing upward indicates thatt* was still increasing, and hence the steady statet* for the B2.7-0 blend

is higher than the point displayed. The solid line, labeledtcr* , is Eq.~10! with Ca 5 Cacr substituted from Eq.
~11!.

FIG. 4. Magnitude of the relative terminal complex viscosity reached after stopping steady shear at 1.2 s21.
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than uncompatibilized ones, especially at highp. Sinceuh0r* u 5 h0r , the relative zero-
shear viscosity, Fig. 4 also indicates that compatibilized blends are more viscous than
uncompatibilized ones in the low shear rate limit.

C. Steady-shear experiments: Steady-shear viscosity

The steady-shear viscosity,h, of all blends decreased slightly during the coalescence
process at 1.2 s21. The present section is concerned with the value of the steady-shear
viscosity at 1.2 s21. As in Sec. III B, the matrix viscosity has been used to render the
steady-shear viscosity dimensionless. The relative viscosity,

hr 5
h

hm
, ~4!

at 1.2 s21 is shown as a function ofp in Fig. 5. Compatibilized blends have a higher
relative viscosity than uncompatibilized blends at the samep. Moreover, a comparison of
Figs. 4 and 5 shows that whileh r ' uh0r* u for compatibilized blends,h r , uh0r* u for
uncompatibilized ones, i.e., uncompatibilized blends show shear thinning at 1.2 s21

whereas compatibilized ones do not.

D. Steady-shear experiments: First normal stress difference

For blends with lowp, N1 was found to increase significantly as coalescence pro-
ceeded, whereas for largep, N1 was found to change very little after decreasing the shear
rate from 4.8 to 1.2 s21. In all cases,N1 reached steady state well before the terminal
relaxation time, i.e.,N1 was found to be far less sensitive to the morphological evolution
during coalescence than the linear viscoelastic properties. As in Secs. III A–III C,N1 is
considered only after reaching steady state at 1.2 s21 are considered here.

Since the components of the blends studied here are weakly elastic, the bulk phases
contribute toN1 as well. This component~or bulk! contribution must be subtracted from
the total normal stress,N1 , in order to isolate the interfacial contribution,N1,interface. In

FIG. 5. Relative steady shear viscosityhr at 1.2 s21 for blends.
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past research@Vinckier et al. ~1996!; Almusallamet al. ~2000!#, this component contri-
bution has been approximated by a simple volume-weighted average of the components:

N1,interface5 N12N1,components5 N12(
k

fkN1k . ~5!

While such subtraction of the volume-weighted average of the components does not have
a fundamental basis, it has been known to work well for dilute uncompatibilized blends
@Jansseuneet al. ~2001!#. Due to the weak elasticity of the components used here,
N1,componentscalculated from Eq.~5! is less than 15% of the totalN1 , hence, the calcu-
lated values ofN1,interfaceare not critically dependent on howN1,componentsis calculated.

It has been observed experimentally that under steady shear,N1,interfaceis proportional
to the shear stress applied@Vinckier et al. ~1996!; Kitadeet al. ~1997!#, thus, a convenient
dimensionless measure of the normal stress due to the interface is the relative interfacial
normal stress,Nr ,

Nr 5
N1,interface

hmġ
5

N12(kfkN1k

hmġ
. ~6!

Here we are concerned with the effect of the compatibilizer onNr . Figure 6 showsNr
as a function of the viscosity ratio. At lowp, addition of the compatibilizer increasesNr .
With an increase ofp, Nr is reduced more sharply for compatibilized blends than for
uncompatibilized ones. Indeed, at the highest viscosity ratio studied, little difference is
apparent between the compatibilized and uncompatibilized blends.

In Sec. I we mentioned that the phenomenological question underlying this research is,
What is the effect of added compatibilizer on the rheology of immiscible blends? There-
fore we summarize the key changes in rheology prior to proceeding with the discussion.
Addition of the compatibilizer was found to

~1! increase the terminal relaxation time sharply at highp, but not at lowp;
~2! increase the magnitude of the terminal complex viscosity, especially at highp;

FIG. 6. Relative interfacial normal stressNr under steady shear at 1.2 s21. The solid line corresponds to the
Choi–Schowalter prediction, Eq.~16!, with Cacr from Eq. ~11!.
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~3! increase the steady-shear viscosity at 1.2 s21 of blends at allp, and reduce their
shear-thinning tendency; and

~4! increase the interfacial contribution to the first normal stress at 1.2 s21 at low p, but
not at highp.

It must be emphasized that none of these results are based on any microscopic model
about blend dynamics. The only approximations made in arriving at these results was to
highlight the interfacial contribution toG8 ~see the EPAPS material in the reference
section! and toN1 @Eq. ~5!# by subtraction of the component contributions. It must also
be noted that all the above observations are apparent even when the amount of compati-
bilizer is as low as 0.2 wt % of the blend, and that the results cannot be explained by
changes in the rheology of bulk phases due to the compatibilizer.

IV. DISCUSSION

A. Terminal relaxation time

Here in Sec. IV A the observation thatt* is insensitive to the compatibilizer at lowp
but increases sharply with compatibilization at highp is considered.

1. Equivalence between t * and Ca

First we note thatt* 5 tdġ may be regarded as a kind of capillary number. Dimen-
sional analysis suggests that the relaxation timetd of the shoulder must be the ratio of the
viscosity that retards interfacial relaxation to the stress that drives interfacial relaxation,

td }
hm

interfacial restoring stress
. ~7!

Thus,

t* 5 ġtd }
ġhm

interfacial restoring stress
. ~8!

The numerator is clearly the hydrodynamic stress that deforms droplets. Thus, being
proportional to the ratio of the hydrodynamic stress to the interfacial stress,t* is equiva-
lent to a capillary number as per Eq.~1!. For an uncompatibilized blend, this relationship
may be made exact since the interfacial stress must scale asa/R,

t* }
ġhmR

a
5

ġhmR

a
f~p,f!. ~9!

Replacing ġhmR/a with Ca from Eq. ~1!, and using the proportionality function
f (p,f) given by Palierne,

t* 5 Ca
~19p116!@2p1322f~p21!#

4@10~p11!22f~5p12!#
. ~10!

Clearly, for a particular uncompatibilized blend,t* is simply proportional to the capillary
number.

For a compatibilized blend, the interfacial restoring stress is not necessarilya/R since
interfacial viscoelasticity can also contribute to the interfacial stress. Nevertheless, the
conceptual equivalence betweent* and the capillary number as per Eq.~8! still holds.
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Figure 3 shows that thetss* after cessation of steady shear increases with compatibi-
lizer at high p; therefore in the interpretation here, the steady-shear capillary number
increases upon the addition of a compatibilizer at highp.

2. Steady-shear t ss* Écritical t *

For uncompatibilized blends, it has been noted previously that after a sufficiently long
shear time, the steady-shear drop size is roughly equal to that for breakup@Vinckier et al.
~1998!; Velankaret al. ~2001b!#. This can be tested in our system by comparingtss* of the
uncompatibilized drops in Fig. 3 with thet* of drops of the critical size for breakup, i.e.,
substitutingCa 5 Cacr(p) in Eq. ~10!. Substituting the ‘‘Grace curve’’ equation for
Cacr(p) @Grace~1982!; de Bruijn ~1989!#,

log~Cacr! 5 20.50620.0994 log~p!10.124@ log~p!#22
0.115

log~p!2log~4.08!
, ~11!

in Eq. ~10!, the solid line in Fig. 3 is obtained. Clearly,t* ' tcr* ~i.e., Cass' Cacr) is
indeed true for uncompatibilized blends. This can be understood easily: in a shear rate
step-down experiment, initially small droplets can grow only until theirCa is large
enough for them to breakup.

If the same is assumed to be true for compatibilized blends, i.e., if we assume that
under steady-shear conditions the compatibilized drops also haveCa equal to their criti-
cal value, then Fig. 3 implies that the addition of a compatibilizer increases the critical
capillary number and thus stabilizes drops against breakup. Such stabilization of drops
due to added surfactant has been reported by direct visual observation previously@Jans-
senet al. ~1994!; Van Puyveldeet al. ~2002!; Hu and Lips~2003!#. Using rheological
methods, we drew the same conclusion previously for the B1.1 series of blends@Velankar
et al. ~2001b!#; the present research however suggests that this stabilization effect is
negligible at lowp, but increases rapidly asp increases.

3. Mechanism

A physical mechanism by which the addition of a surface-active compatibilizer can
stabilize drops is shown in Fig. 7~c!. This picture is derived from past numerical simu-
lations @Stone and Leal~1990!; Pawar and Stebe~1996!; Li and Pozrikidis~1997!; Yon
and Pozirikidis~1998!; Velankaret al. ~2004!# and was elaborated upon in our previous
paper@Velankaret al. ~2001b!#. Briefly, the flow convects the compatibilizer towards the
tips of the drop, causing a gradient in interfacial tension. Corresponding Marangoni
stresses tend to reduce internal circulation inside the drops, decrease their deformation,
and thus stabilize them. There are two other effects in addition to Marangoni stresses. The
first is that the lower interfacial tension at the tips tends to stretch them, thus increasing
drop deformation. The second is that the deformed drop has a larger interfacial area than
the initially spherical drop, thus resulting inoverall dilution of the surfactant; this tends
to reduce deformation. Due to the competing effects of dilution and Marangoni stresses
on one hand, and lower capillary pressure at the tips on the other, surfactants can stabilize
or destabilize drops, depending on parameters such as the viscosity ratio, amount of
surfactant, etc. Much numerical research has been devoted to exploring this parameter
space@Stone and Leal~1990!; Pawar and Stebe~1996!; Li and Pozrikidis~1997!; Yon and
Pozirikidis ~1998!; Drumright-Clarke and Renardy~2004!; Velankaret al. ~2004!#.

There is considerable experimental evidence that demonstrates that interfacial tension
gradients can exist on the surfaces of drops with a compatibilizer. Direct experimental

736 VELANKAR ET AL.



evidence of gradients in interfacial tension@Velankaret al. ~2001b!# and interfacial con-
centration@Jeon and Macosko~2003!# has been provided. Indirect evidence in terms of
drop shape analysis@Hu et al. ~2000!; Hu and Lips~2003!#, tip streaming@de Bruijn
~1993!; Janssenet al. ~1997!; Eggletonet al. ~2001!#, or an increase in viscosity upon
addition of surfactant@Nawab and Mason~1958!# has also been presented. Direct visual
evidence that the addition of a compatibilizer makes drops difficult to deform or break
has been shown for the B1.1 series of blends previously@Van Puyveldeet al. ~2002!#.

Here we seek to use this same physical picture to explain the effect ofp on tss* .
Following Fig. 7~d!, the effect of Marangoni stresses can be qualitatively gauged from a
balance of tangential stress at any location on the interface. While this can be done by
rigorous stress balance@see Stone and Leal~1990!, for example#, for the present pur-
poses, an approximate local tangential stress balance is sufficient:

FIG. 7. Schematic of droplets in shear flow.~a! Uncompatibilized drops at finiteCa: interfacial contribution to
stress is entirely due to drop deformation.~b! Compatibilized droplet forCa → 0. Bulk flow convects com-
patibilizer to the ends of the drop. The thickness of the boundary of the drop is indicative of the local
compatibilizer concentration. Thin arrows show streamlines; gray arrows show Marangoni stress. SinceCa
→ 0 the droplet is nearly spherical and the interfacial contribution to stress is due to Marangoni stress resulting

from redistribution of the compatibilizer on the surface.~c! Compatibilized droplets for finiteCa: interfacial
contribution to stress due to both deformation and comaptibilizer redistribution. Marangoni stress reduces
droplet deformation; therefore the drop in~a! is drawn to be more deformed than that in~c!. ~d! Magnified view
of the interface in the dotted circle in~c!: Marangoni stress affects the local tangential stress balance at the
interface.
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]vm
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5 hd

]vd

]z
1sMarangoni, ~12!

wherez is the direction normal to the surface. This equation suggests that, viewed from
matrix phase, the Marangoni stress appears as additional shear stress that has to be
overcome in order to maintain shear flow. Therefore, the effects of Marangoni stress are
expected to be qualitatively similar to those of an increase in drop viscosity. This analogy
is well known from the literature on oil–water emulsions@Lucassen-Reynders and
Kuijpers ~1992!#, and has been shown by numerical simulations@Li and Pozrikidis
~1997!#. The data of Fig. 3 agree qualitatively with this analogy: shiftingtss* for compati-

bilized blends horizontally to higherp can approximately superimpose them on thetss* for
uncompatibilized blends~not shown, but see the following Sec. IV A 4!.

The effect ofp on tss* is then explained as follows: The preceding section IV A2 noted

that tss* ' tcr* ; this was verified for uncompatibilized drops and assumed for compatibi-

lized drops. For uncompatibilized drops, the dependence oftcr* ~and therefore oftss* ) is
shown by the solid curve in Fig. 3. Our analogy says that for compatibilized blends, the
additional Marangoni stress is equivalent to a higherp. At low p since the solid curve is
flat, additional Marangoni stress does not affecttcr* ~nor thereforetss* ). At high p, since the

solid curve increases sharply, the additional Marangoni stress increasestcr* ~and therefore

tss* ) sharply.
It must be reiterated here that three distinct arguments are made here. First, the con-

ceptual equivalence betweent* and the capillary number was noted. Second, it was
pointed out that the drops at steady state are at their critical capillary number@verified
here and previously by Vinckieret al. ~1998! for uncompatibilized drops, assumed for
compatibilized drops#. Finally, it was noted that the physical model of Fig. 7~c! predicts
that Marangoni stresses are qualitatively equivalent to higher drop viscosity. These three
arguments together can explain the effect of the compatibilizer ontss* .

4. Possible scaling for Marangoni stress effects

It is tempting to make the analogy between Marangoni stress and the viscosity ratio
more quantitative by attempting to superimpose thetss* –p data for samples with different
amounts of compatibilizer. A specific superposition scheme,

peffective 5 mp H m . 1 for compatibilized blends,

m 5 1 for uncompatibilized blends,
~13!

was attempted by Van Puyveldeet al. ~2002! to model the coalescence kinetics of com-
patibilized droplets. Herem is a scaling factor that suggests that addition of compatibi-
lizer is equivalent to a higher effective viscosity ratio. Equation~13! corresponds to a
horizontal shift in data along the log(p) axis. In the viscosity ratio range studied here, Eq.
~13! can indeed superimpose thetss* –p data and create a reasonable master curve~not
shown!. Yet, the above scaling is not theoretically justifiable at arbitrary viscosity ratios.
In particular, the physical picture in Fig. 7~c! suggests that compatibilized drops withp
5 0 are expected to behave as though they have finite viscosity due to Marangoni stress,

a limit that is not captured correctly by Eq.~13!. An alternative scaling that does capture
the p 5 0 behavior correctly is
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peffective 5
hd1hMarangoni

hm
5 p1

hMarangoni

hm
, ~14!

which seeks to model the Marangoni stress as an additive~rather than a multiplicative!
contribution to the viscosity of the drop. Thus, in this case, the Marangoni stress is
modeled as being proportional to the matrix viscosity, rather than to the viscosity ratio.
Unlike Eq. ~13!, Eq. ~14! suggests that the effect of Marangoni stress becomes less
important at highp. Equation~14! is difficult to test in the present situation wherep is
varied experimentally by changing bothhd andhm .

Clearly, while the analogy between Marangoni stress and the viscosity ratio is appeal-
ing intuitively, it is difficult to make it quantitative based only on the present data.

B. Magnitude of the terminal complex viscosity and steady-shear viscosity

For a dilute emulsion of Newtonian droplets in a Newtonian matrix without a com-
patibilizer, the relative zero-shear viscosity,h0r ~presumed to be equal to the magnitude
of the relative terminal complex viscosityuh0r* u) was predicted by Choi and Schowalter
~CS! ~1975! to be

h0r 5
h0

hm
5 11f

5p12

2~p11!
1f2

5~5p12!2

8~p11!2
. ~15!

Neglecting the last term, i.e., up to first order inf, this equation is identical to the Taylor
prediction @Taylor ~1932!# for h0r , as well as to Palierne’s prediction foruh0r* u in the
absence of interfacial viscoelasticity. Note that forp → ` andf → 0, Eq.~15! reduces
to Einstein’s equation for the viscosity of a dilute suspension. Both the CS and Taylor
predictions are added to Fig. 4 for reference; evidently the Taylor prediction is somewhat
closer to the uncompatibilized blend data as was also noted by Grizzutiet al. ~2000!.
Upon increasing shear rates to finite values, theory@Choi and Schowalter~1975!# predicts
that drops become oriented along the flow direction, thus reducing the viscosity of the
blend. Such shear thinning of uncompatibilized blends has been confirmed experimen-
tally @Vinckier et al. ~1996!; Grizzuti et al. ~2000!#.

The concern here in Sec. IV B is the increase inuh0r* u ~or equivalently inh0r ) and in
h r at finite shear rates with added compatibilizer. All of these quantities have been
predicted to increase when an interfacial tension-reducing surfactant is added to an emul-
sion.

The zero-shear viscosity is considered first. In Oldroyd’s picture~1955!, a surfactant
causes interface dilational viscoelasticity~and sometimes interface shear viscoelasticity
as well! which causes the zero-shear viscosity to increase. The same result can be ob-
tained from Palierne’s model@Palierne~1990!#. Both Oldroyd as well as Palierne predict
that if the interfacial modulus does not decay to zero at low frequencies~elastic inter-
face!, the terminal viscosity approaches that of a suspension of hard spheres at the same
volume fraction, i.e., the drops behave like solid particles regardless of the viscosity ratio.
In the present case, Fig. 4 shows that the relative terminal complex viscosity of compati-
bilized blends is not independent of the viscosity ratio. Moreover, the blends with lowp
haveuh0r* u values well below the values expected for suspensions (uh0r* u 5 1.27 accord-
ing to Einstein’s prediction!. Clearly, although interfacial viscoelastic effects may indeed
be responsible for the increase in terminal viscosity, these effects are not strong enough to
make the blends behave like suspensions. This is not surprising; diffusion of the com-
patibilizer into the bulk must occur slowly, thus purely elastic interfaces are not
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likely. Finally, it should be noted that Nawab and Mason~1958! observed a similar
increase in the viscosity of emulsions upon the addition of surfactant. In their case as
well, the viscosity remained below that for rigid spheres.

The case of nonzero-shear rates has been addressed by numerical simulations in the
limit of low volume fraction of drops by Li and Pozrikidis~1997! at p 5 1, and by
Blawzdziewiczet al. ~2000! at all p but small Ca so that the drops remained nearly
spherical. These simulations found that the gradients in interfacial tension along the
surface of drops@Fig. 7~c!# contribute to steady-shear stress. In an approximate sense, the
Marangoni stress is an additional stress that must be overcome when shearing a compati-
bilized blend at a given rate, thus giving it a higher viscosity. The simulations predicted
that, at low shear rates,h r approaches the value predicted by Einstein regardless of the
viscosity ratio, in accordance with Oldroyd’s prediction. With an increase in shear rate,
the contribution of the interfacial tension gradients to the shear stress was reduced, i.e.,
the compatibilized blends showed shear thinning, yet the surfactant-containing emulsions
were predicted to have a higher viscosity than surfactant-free ones at all shear rates. The
results of Fig. 5 do indeed show a higher viscosity for compatibilized blends but shear
thinning is not evident, at least not at 1.2 s21. Quantitative comparisons are difficult since
the specific properties of the surfactants required for comparison with the simulations are
not known for the compatibilizer used here.

Finally, it should be noted that reasonable superposition between compatibilized and
uncompatibilized blends of Fig. 4 can be achieved by shifting the compatibilized blend
data rightward along thep axis ~i.e., compatibilized blends behaving as if their drops had
higher viscosity!. Thus the results of Fig. 4 are qualitatively consistent with the analogy
between Marangoni stress and the viscosity ratio given in Sec. IV A 3. Once again, it is
difficult to make this analogy quantitative. Horizontal shifts of the data of Fig. 4 along the
p axis according to the scaling in Eq.~13! produce a reasonable master curve~not
shown!, yet, for the reasons pointed out in Sec. IV A4, Eq.~13! is not justifiable on
theoretical grounds at allp.

C. First normal stress difference

Choi and Schowalter~1975! have predictedNr from the deformation of drops at low
shear rates to be

Nr 5
f

40~11Z2!
CaF ~19p116!

~p11!
S 111.25f

5p12

p11 D G2

, ~16!

where

Z 5
~19p116!~2p13!

40~p11!
CaS 111.25f

19p116

~p11!~2p13!
D . ~17!

Section IV A showed that uncompatibilized blends at steady shear hadCa ' Cacr .
SubstitutingCacr from Eq.~11! in Eq. ~16!, the solid line in Fig. 6 is obtained. Evidently,
CS theory, using the critical capillary number, can predictNr well, as was also observed
previously@Vinckier et al. ~1999!#.

We now seek to explain the effect of the compatibilizer onNr . Normal stresses in
uncompatibilized blends reflect only the deformation and orientation of droplets in the
flow as shown in Fig. 7~a!. For compatibilized blends however, the interfacial tension
gradients can contribute to normal stress as well, i.e.,N1,interfaceof compatibilized blends
has contributions from both deformation of the interface and from redistribution of the
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compatibilizer on the surface of the droplets@Figs. 7~b! and 7~c!#. Note that in Fig. 7~b!,
the drop is nearly spherical and normal force is entirely due to interfacial tension gradi-
ents; this was the situation simulated by Blawzdziewiczet al. ~2000!. Thus, for the
compatibilized drop in Fig. 7~c!, the total normal force from the interface is

Nr
compatiblized5 Nr

deformation1Nr
interfacial tension gradients, ~18!

where the first term on the right corresponds to Fig. 7~a! and the second to Fig. 7~b!.
Recent numerical simulations@Blawzdziewiczet al. ~2000!# suggest that for small defor-
mation, i.e.,Ca ! 1, the two terms are simply additive, and thereforeNr

compatiblized

. Nr
uncompatiblizedis expected at allp. However, in reality at finiteCa, the Marangoni

stress resulting from interfacial tension gradients tends to reduce drop deformation, i.e.,
the second term in Eq.~18! tends to reduce the first as shown in Fig. 7~c!. Thus, whether
Nr increases or decreases due to the addition of compatibilizer is determined by the
coupling between the two effects shown in Figs. 7~a! and 7~b!.

With the physical insight of Fig. 7 and Eq.~18!, the trends of Fig. 6 may be under-
stood in qualitative terms. At lowp, uncompatibilized drops are highly deformable and
henceNr

deformation is large; thus,Nr is large for uncompatibilized blends at lowp. In
addition, the high deformability at lowp implies that interfacial tension gradients are
expected to be large for compatibilized blends. Thus, the large value of
Nr

interfacial tension gradientscausesNr to increase with the addition of compatibilizer as seen
in Fig. 6. With an increase ofp however, even uncompatibilized drops become increas-
ingly difficult to deform, leading to a decrease inNr ~solid line in Fig. 6! for the uncom-
patibilized blends. Additional Marangoni stress at the interface is expected to make
compatibilized droplets even less deformable, and henceNr of compatibilized blends is
expected to decrease even more rapidly with an increase ofp. Indeed, Fig. 6 shows that
with increasing amounts of compatibilizer,Nr decreases more sharply with an increase of
p; in fact, at the highest value ofp studied there is no significant difference between the
normal stress of compatibilized and uncompatibilized blends. Yon and Pozrikidis~1998!
have indeed noted from numerical simulations thatN1 becomes independent of the sur-
factant concentration as the viscosity ratio increases.~It must be remarked, however, that
the same simulations note that viscosity also becomes independent of the surfactant asp
increases, in contrast with our results.!

Quantitative analysis of these data is not possible since the steady-shear rheological
properties depend on both the number and the deformation of droplets, neither of which
has been measured in this research.

Finally, it may be noted that the analogy between Marangoni stress and the viscosity
ratio definitely fails in this situation: the effect of the compatibilizer onNr cannot be
captured by shifting the data for the compatibilized blends along thep axis.

V. CONCLUSIONS

The effect of adding a diblock copolymer compatibilizer on the rheological properties
of two-phase blends of immiscible polymers was studied for blends with viscosity ratios
from 0.1 to 2.65. Blends had 10 wt % of dispersed phase and small amounts~0.2 or 1
wt % weight of the blend! of compatibilizer. Linear viscoelastic moduli and steady-shear
viscosities and normal stress were measured after a stepdown in shear rate until steady-
shear conditions were reached. Addition of the compatibilizer was found to cause the
following effects:
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~1! The addition of the compatibilizer does not affect the terminal relaxation time mea-
sured after cessation of steady shear at low viscosity ratios, but strongly increases it
at high viscosity ratios.

~2! The magnitude of the terminal complex viscosity and the steady-shear viscosity,
which reflects the increase in viscosity of the blend due to the presence of droplets,
was higher for the compatibilized blends at all viscosity ratios studied. Moreover,
compatibilized drops were found to be less shear thinning than uncompatibilized
ones.

~3! The relative interfacial normal stress, which reflects the contribution of droplets to
the first normal stress difference of the blend in shear flow, was higher for the
compatibilized blends at low viscosity ratios. However, with increasing viscosity
ratio, the relative interfacial normal stress was found to decrease more sharply for
compatibilized blends than for uncompatibilized ones.

The results were interpreted using a physical picture in which flow-induced gradients
in interfacial tension, and hence Marangoni stresses, exist on the surface of compatibi-
lized drops. This picture has been established from past experiments and numerical simu-
lations. Most of the observations in this paper are qualitatively consistent with Marangoni
stresses stabilizing droplets against breakup in shear flow and contributing to shear and
normal stress.
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