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Strain recovery of model immiscible blends:
effects of added compatibilizer

Abstract The effect of added
compatibilizer on the strain recov-
ery of model immiscible blends after
cessation of shear was studied.
Blends were composed of polyiso-
butylene drops (up to 30% by
weight) in a polydimethylsiloxane
matrix, with viscosity ratio (viscos-
ity of the drops relative to the
matrix viscosity) ranging from 0.3
to 1.7. Up to 1% by weight of a
PIB-PDMS diblock copolymer was
added as compatibilizer. The
ultimate recovery recorded after
reaching steady-shear conditions
increased significantly due to added
compatibilizer. Furthermore, the
compatibilizer also slowed down the
kinetics of the recovery; however,
unlike uncompatibilized blends, the
recovery could no longer be cap-
tured by a single retardation time.
The largest increase in ultimate
recovery due to compatibilizer

occurred at the lowest viscosity
ratio. In contrast, the greatest
slowing down of the recovery due
to compatibilizer occurred at the
highest viscosity ratio. The
rheological data by themselves are
insufficient to reach a definitive
conclusion about the mechanism of
compatibilizer action. The results
are consistent with the effects of
flow-induced gradients in compati-
bilizer concentration. An alternative
constitutive modeling approach that
captures compatibilizer effects in
terms of an interfacial dilational
elasticity can reproduce the recov-
ery curves qualitatively, but some
predictions of the model contradict
experimental results.
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Introduction

Immiscible homopolymers are often blended mechani-
cally to obtain blends with properties significantly
superior to those of the component polymers. The creep
recovery of such blends was studied in the previous
paper, henceforth referred to as I. Surface-active com-
patibilizers are commonly added to such blends to im-
prove blending of the immiscible phases and to improve
the mechanical properties of the resulting blends. This
paper continues previous research on the effect of such
compatibilizers on the rheological properties of
two-phase blends (Velankar et al. 2001a, b, 2004a;

Van Hemelrijck et al. 2004). Following the philosophy
of keeping bulk rheology as simple as possible in order
to focus on interfacial effects, all experiments are con-
ducted on “model” blends of nearly-Newtonian polymer
melts. Moreover, at sufficiently large concentrations, the
compatibilizer can modify the rheological properties of
the bulk phases. In order to avoid this complication,
experiments are restricted to blends with only small
amounts of compatibilizer (1 wt% or less) at which their
effects on bulk rheology are negligible (Velankar et al.
2004a).

Our previous research with such model compatibi-
lized blends was restricted to droplet-matrix blends
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with 10 wt% of the drop phase, with the ratio of the
viscosity of drops to that of the matrix ranging 0.1-2.7
(Velankar et al. 2001a, b, 2004a; Van Puyvelde et al.
2002; Van Hemelrijck et al. 2004). While addition of
the compatibilizer was found to reduce the mean drop
size of the blends significantly, the primary concern
was not the decrease of drop size; the primary focus
was instead on the rheological properties of compati-
bilized blends. The following observations were made
previously:

— Addition of compatibilizer increased the zero-shear
viscosity of blends slightly at all viscosity ratios (Ve-
lankar et al. 2004a).

— The effect of the compatibilizer on the elastic prop-
erties was more complex: at low viscosity ratios, the
compatibilizer did not affect the terminal relaxation
time, but increased N, significantly. At high viscosity
ratios, the observations were exactly reversed: the
terminal relaxation time increased greatly, but N,
was not affected by compatibilizer (Velankar et al.
2004a).

— At very small amounts of added compatibilizer
(0.02% by weight or lower), the dynamic mechanical
properties of the blends showed two relaxations (evi-
dent as two shoulders in the G’ vs. frequency curves)
(Van Hemelrijck et al. 2004). The faster of the two
relaxations was present even in uncompatibilized
samples and was attributed to shape relaxation of the
drops. The slower relaxation was present only in
compatibilized samples and speeded up as the amount
of compatibilizer increased, as was also observed
previously (Riemann et al. 1997). As a consequence of
this speeding up of the slow process, the two processes
merged, and only a single relaxation was evident in
blends with large amounts of compatibilizer (Velan-
kar et al. 2001b, 2004a). Interfacial viscoelasticity due
to the added compatibilizer was deemed to be
responsible for the slower relaxation (Riemann et al.
1997; Jacobs et al. 1999).

The previous research was mainly concerned with
dynamic oscillatory behavior, and with the rheological
properties after reaching steady-shear conditions. Here
we consider transient flow conditions. The goal of this
research is to address the following questions: How does
a small amount of surfactant affect the creep recovery of
droplet-matrix blends? In particular, considering the
opposite effects of viscosity ratio on N; and on the ter-
minal relaxation time of compatibilized samples, how
does the effect of the surfactant vary with viscosity ratio?
Furthermore, considering that samples with very small
amounts of compatibilizer can show two relaxation
times (Riemann et al. 1997; Van Hemelrijck et al. 2004),
does their creep recovery show two retardation times as
well?

Experimental

The details of the materials were provided previously.
Briefly, the blends were composed of PIB as the drop
phase and PDMS as the matrix phase with properties
described in I. A diblock copolymer of PIB (M=
6,150 g/mol) and PDMS (M, = 8,000 g/mol) was added
as compatibilizer. This same diblock was used by Ve-
lankar et al. (2001b, 2004a). As in I, we studied three
weight% of the dispersed phase PIB (10, 20 and 30%),
and three viscosity ratios (0.29, 1.1 and 1.7). Compati-
bilizer loadings range 0-1 wt%, with most experiments
being conducted with 0.2 wt% of compatibilizer. Note
that throughout this paper the compatibilizer amount is
quoted as a percentage of the total weight of the blend
[and not as the percent of the dispersed phase as was
done previously (Velankar et al. 2001b, 2004a)].
Samples were prepared by mixing the diblock into the
PIB and then dispersing this mixture into the PDMS
matrix. All experimental techniques are identical to
those in I. In particular, the shear history of Fig. la in |
was used to study strain recovery after cessation of
steady shear, as described in the following Sect. 3.1.

Experimental observations
Recovery after cessation of steady shear

The creep recovery behavior of uncompatibilized blends
was discussed in I. The recovery of compatibilized
blends shows many of the same features, at least quali-
tatively. These are summarized first:

— The recovery curves of compatibilized blends are
qualitatively similar to those of uncompatibilized ones
(see Fig. 2 in I). In particular, most of the recovery
prior to 0.1 s is attributable to the recovery of the
matrix phase PDMS. We can therefore extract the
interfacial contribution to the recovery by simply
subtracting the volume average of the recovery of the
components from that of the blends (Eq. 13 in I).

— Most compatibilized blends show a slight reversal of
recovery similar to that seen for uncompatibilized
blends (see Fig. 1b in I). The amount of strain reversal
is comparable to that for blends without compatibi-
lizer (~0.02 for recovery from a steady-shear mor-
phology), but the reversal takes a much longer time
for compatibilized blends.

— Upon stepping down the shear stress from 480 to
120 Pa (as per the shear history of Fig. la in I), the
ultimate recovery of the blends with 10% drop phase
increases significantly. A plot of the ultimate recovery
versus the total strain applied at 120 Pa looks very
similar to Fig. 3a in 1. This may be attributed to an
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increase in drop size by shear-induced coalescence
(Velankar et al. 2001b, 2004a).

— As in I, for blends with 10% drops, dynamic
oscillatory frequency sweep experiments were con-
ducted after each recovery experiment. As observed
previously (Velankar et al. 2001b, 2004a), at most
levels of compatibilizer, only a single shoulder was
evident in the G’ versus frequency curve (see
exception below). The relaxation time of this
shoulder increased upon shearing at 120 Pa. Com-
prehensive examples of such results on similar
blends have been published previously [see Fig. 2 in
(Velankar et al. 2004a)].

— For blends with 20 or 30% drops, a plot similar to
Fig. 3b in I is obtained, i.e., at very short shearing
times, the ultimate recovery is large and then de-
creases to its steady-state value. Once again, we pro-
pose no mechanism to explain this observation.

The differences between blends with and without
compatibilizer are now considered. Figure 1 plots the
frequency sweep results of the blends with 10% drops
and p=1.1. Such curves were analyzed extensively in our
previous publications on this PIB/PDMS system with
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Fig. 1 Dynamic oscillatory G” of compatibilized blends with p=1.1
and 10 wt% drops at the end of preshearing at 480 Pa. The data
for each compatibilizer concentration are shifted upwards from the
previous one by one decade for clarity; the data at 0.01%
compatibilizer are not shifted. The G’ of the uncompatibilized
blend is shown alongside each curve for comparison. The
component contribution (dotted line) is the Palierne model with
interfacial tension set to zero

the same compatibilizer (Velankar et al. 2001b, 2004a).
In those publications the smallest block copolymer
concentration studied was 0.05 wt% of the total, and we
had concluded that the compatibilized blends showed
frequency sweep data that were qualitatively identical to
those of uncompatibilized ones; specifically, only one
shoulder was evident in the G” versus w data. In light of
later data on a somewhat different compatibilized blend
system (Van Hemelrijck et al. 2004), we reexamined the
present system at even lower concentrations than pre-
viously and indeed found a weak second shoulder
developing at very low frequencies. The second shoulder
was most clearly visible at the lowest compatibilizer
loading of 0.01%, immediately after preshearing at
480 Pa (Fig. 1). As the sample was sheared at 120 Pa,
the shoulder at higher frequency moved to lower fre-
quency, and merged with the low-frequency shoulder.
As a result, two separate shoulders were no longer dis-
tinguishable after the sample reached steady-shearing
conditions at 120 Pa. The principal conclusion, there-
fore, is that some compatibilized blends can show two
relaxation processes, hence one of the questions was
posed in the Introduction: can they also show two dis-
tinct retardation processes?
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Fig. 2 Recovery of blends with viscosity ratio 1.1, 10 or 30%
drops, and various levels of compatibilizer. Each curve is shifted
upwards by a half-decade with respect to the previous one for
clarity; the lowest dataset is not shifted. Solid lines are best fits of
single exponential recovery kinetics to the data for time >0.02 s
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In what follows, only the recovery after reaching
steady-shearing conditions at 120 Pa will be discussed.
Figure 2 plots the recovery of the blends with a viscosity
ratio of 1.1, 10 or 30 wt% drops, and various amounts
of compatibilizer. Two features are noteworthy. Firstly,
the addition of compatibilizer increases the ultimate
recovery significantly (this is shown more clearly in
Fig. 3a). Secondly, in contrast with the uncompatibi-
lized biends in I, single-exponential kinetics can no
longer accurately capture the recovery of blends with
large amount of compatibilizer: the solid lines, which are
fits to single exponential kinetics,
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Fig. 3 Dependence on the concentration of compatibilizer of a
ultimate recovery and b dimensionless retardation time, of blends
with viscosity ratio 1.1, and 10, 20 or 30 wt% drops after reaching
steady shear at 120 Pa. Note that b has both axes logarithmic. The
retardation times at high compatibilizer content are approximate
due to poor fits to the recovery curves

7= Vo[l —exp(=t/2)] (1)

fit the data poorly. Interestingly enough, while the two
relaxation processes are most clearly visible in dynamic
oscillatory experiments at the lowest compatibilizer level
[Fig. 1 as well as (Van Hemelrijck et al. 2004)], the
greatest deviations from single exponential kinetics oc-
cur at the highest compatibilizer levels. We have there-
fore immediately answered one of the questions posed in
the Introduction: the recovery from steady shearing of
compatibilized blends cannot be captured by a single-
retardation time.

Since recovery is not a single-exponential process, its
rigorous quantitative analysis requires converting the
recovered strain versus time curves into a retardation
spectrum. This is an ill-posed problem generally
requiring nonlinear regularization methods, but these
were not attempted here. In the remainder of this pa-
per, we will therefore persist with single-exponential fits
to obtain a single retardation time for each curve.
While the fits are poor at high compatibilizer fractions,
these approximate retardation times are useful practi-
cally since they capture the gross kinetics of the
recovery process (e.g. they track the time for complet-
ing half of the recovery very well) and hence allow us
to comment on the effect of compatibilizer. As in I,
these retardation times are multiplied by the shear rate
prior to recovery to render them dimensionless. Thus
to summarize, as in I, the recovery from steady-shear-
ing conditions will be characterized by only two
parameters: the ultimate recovery and the dimension-
less retardation time.

These two quantities are plotted in Fig. 3 for the
blends with viscosity ratio 1.1. The compatibilizer is seen
to increase the ultimate recovery of the blends as well as
increase their dimensionless retardation time. The effect
of compatibilizer is not subtle; the addition of as little as
0.2 wt% compatibilizer increases the ultimate recovery
and the dimensionless retardation time by more than
50%. As mentioned above, the dimensionless retardation
time is not rigorous at large compatibilizer loadings due
to poor quality of fits. Yet, there is no doubt that it
increases significantly; indeed the slower recovery kinet-
ics of compatibilized blends is evident from Fig. 2 itself.

The effect of compatibilizers on blends with p # 1 is
now considered. In the Introduction, it was mentioned
that in previous research, two elastic properties: the
terminal relaxation time after reaching steady shear
(obtained from dynamic oscillatory experiments) and N;
during steady shear were found to be affected differently
by compatibilizer: the compatibilizer increased the ter-
minal relaxation time only at high viscosity ratio, but the
steady shear N; only at low viscosity ratio (Velankar
et al. 2004a). Figure 4 examines the effect of viscosity
ratio on two other elastic properties: the ultimate
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Fig. 4 Dependence on viscosity ratio of a ultimate recovery and b
dimensionless retardation time, of blends with 10 or 30 wt% drops
with and without compatibilizer after reaching steady shear at
120 Pa

recovery and the dimensionless retardation time after
reaching steady-shear conditions. The effect of compat-
ibilizer on 7., is largest at low p but modest at high p; in
this regard creep recovery seems to behave like Ny, at
least qualitatively. On the other hand, the effect of
compatibilizer on the dimensionless retardation time is
largest at high p but modest at low p. Thus, in regard to
the dimensionless retardation time, creep recovery be-
haves qualitatively similar to the dimensionless relaxa-
tion time.

Finally, the effects of volume fraction at fixed vis-
cosity ratio (not plotted) are similar to those of un-
compatibilized blends discussed in I:

— The ultimate recovery under steady-shear conditions
increases with volume fraction of the drops at all
compatibilizer levels. As in uncompatibilized samples,
the increase is nearly proportional to ¢, or slightly
faster.

— The retardation time reduces with increasing volume
fraction of drops at all compatibilizer levels (with the
sole exception of the uncompatibilized sample at
p=0.29 as shown in Fig. 5b in I).

Recovery after cessation of brief shearing

As discussed in I, in blends without compatibilizer,
recovery is driven by the deformation and orientation of
drops. Steady-state deformation of drops increases with
capillary number, hence the ultimate recovery increases
with capillary number. However, only modest defor-
mations can be realized under steady-shear conditions
because the steady-state Ca that can be applied is limited
to values below the critical Ca for breakup of drops.
Under transient flow conditions, however, very large
deformations can be realized. Vinckier et al. (1999a)
considered recovery of blends with such highly deformed
drops. Blends were presheared at low stresses to allow
large drops to be formed by flow-induced coalescence.
They were then sheared briefly at high Ca to deform the
drops, and subsequent recovery was measured. Owing to
the much larger deformations achievable, ultimate
recovery was found to be much larger after such tran-
sient shearing. Here we examine effects of compatibilizer
on strain recovery under similar transient shearing.
Blends with 30 wt% drops, p=1.1, and either 0 or
0.2% compatibilizer were subjected to the transient
shear history of Fig. 5a. Samples were sheared for
2,000 strain units at 30 Pa, which is sufficient for them
to be close to their steady state. They were then sheared
at 120 Pa for brief periods denoted by #, with the cor-
responding strains denoted by 7p,. The subsequent
recovery curves are plotted in Fig. 5b. Comparing the
recovery curves for the uncompatibilized blend (solid
circles) at various values of t, it is immediately evident
that the time required to complete the recovery first in-
creases and then decreases with increasing ¢, (i.e. with
increasing y,). The same is true for ultimate recovery as
shown more clearly in the plot of y., versus y, in Fig. 6;
this figure resembles previous data by Vinckier (1999a).
Upon addition of compatibilizer, the most obvious
effect evident in Fig. 5b is that the compatibilizer in-
creases the ultimate recovery at all values of f,. This is
shown more clearly in Fig. 6. A second, more subtle,
difference is that at very long times, a slow retardation
process is evident at small #,. This is most clearly visible
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Fig. 5 Recovery of blends after transient shear. a Schematic of
transient shear experiment. b Recovery at various values of z, with
and without compatibilizer. Each pair (uncompatibilized and 0.2%
compatibilized) is shifted upwards by a decade with respect to the
previous fg value; the pair at ;=2 s is not shifted. At any given
value of #;, the uncompatibilized and the compatibilized data are
not shifted with respect to each other. ¢ Magnified views of the
recovery curves of compatibilized blends at #;=2s and t,=4s.
Note that the y-axis in ¢ is linear

at ;=2 and 4 s for the 0.2% compatibilized sample
(Fig. 5c¢) but similar slow retardations were evident at
other values of 7, and at other compatibilizer levels. This
slow process is quite weak: the ultimate recovery during
this process is less than 0.02. The slow retardation is no
longer evident when ¢ exceeds about 20 s.

Finally, as in the previous section, we attempted to fit
the recovery curves to the single-exponential kinetics (1).
These fits were quite poor for both the compatibilized as
well as uncompatibilized sample, especially around
t;~40 as shown in Fig. 5b. Therefore, while the fits are
still shown in Fig. 5b, the resulting best-fit retardation
times are not interpreted any further.

Discussion and possible mechanisms
Review of uncompatibilized blend recovery

We first review the recovery of uncompatibilized blends
under steady and transient conditions. The linear vis-
coelastic theory for the recovery of uncompatibilized
blends from steady shearing (Vinckier et al. 1999b) was
reviewed in 1. Briefly, recovery is driven by the defor-
mation and orientation of drops along the flow direc-
tion. Under steady-shear conditions, the ultimate
recovery and the dimensionless retardation time are
both proportional to the Ca prior to recovery. Both
these quantities also have additional dependences on
viscosity ratio and volume fraction of the drops.

The recovery upon transient shearing is more com-
plex since the deformations can be much larger. As
discussed by Vinckier et al. (1999a), the data of Fig. 6
can be divided into three regions. On the left of the
maximum (ys < 10), the applied stress deforms the drops,
and strain recovery is completed when deformed drop-
lets retract, hence, increasing 7y, increases }... On the
right of the maximum (10 <7y, <60) on the other hand,
the deformation creates highly elongated cylinders, and
recovery is completed when these cylinders break by
capillary instabilities. Increasing 7y, creates cylinders with
smaller diameter, thus reducing the time for capillary
instabilities, and hence reducing y... Finally, at very high
shearing times (s> 100), cylinder breakup is completed
during the shearing itself. Thus when shearing is stop-
ped, the morphology consists of drops that are much
smaller, and hence less deformed, than the original
drops. Recovery involves retraction of these drops, and
since their size changes very slowly with strain, 7y, is
nearly independent of ;.

Compatibilized blends

As in previous publications, we will consider the com-
patibilizer to act only as a surfactant that reduces the
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for 2,000 strain units, followed by 120 Pa for strains plotted on the
x-axis. Horizontal lines are the y.. from steady shearing at 120 Pa

equilibrium interfacial tension between the phases. If the
compatibilizer is highly soluble in the bulk phases, and
has a very high diffusivity, all locations on the interface
are guaranteed to have the same equilibrium value of
compatibilizer concentration at all times. However, a
rough calculation in a previous publication suggests that
the compatibilizer used here is likely to have a very low
diffusivity (Velankar et al. 2001b). The same is expected
to be true for most compatibilizers owing to their high
molecular weights. In that case, the coupling between
flow, interfacial deformation, and the compatibilizer
concentration must be considered: flow can induce a
change in the average concentration of compatibilizer as
well as gradients in compatibilizer concentration on the
interface that are not erased by rapid diffusion. On the
basis of the numerical simulations exploring this cou-
pling (Stone and Leal 1990; Milliken and Leal 1994;
Pawar and Stebe 1996; Li and Pozrikidis 1997), a phys-
ical picture was proposed in previous publications to
interpret the rheological effects of compatibilizer
(Velankar et al. 2001b, 2004a). To summarize briefly, the
applied flow convects the compatibilizer to tips of the
drops (Fig. 7). Therefore, the tips have a higher con-
centration of compatibilizer, and hence a lower interfa-
cial tension, than the waist of the drops. This lowers the
capillary pressure of the tips, but also induces a
Marangoni stress as shown in Fig. 7. A variety of
experimental evidence supporting this physical picture
was cited previously (Velankar et al. 2004a). In the
following, we will consider the implications of such a
nonuniform interfacial tension for the recovery process.

The nonuniform interfacial tension can affect
recovery indirectly and directly. The indirect effect is

compatibilizer conc.
higher at tips

Ly =

Marangoni
Y stres? /

: compatibilizer conc.

lower at waist

Fig. 7 Schematic of physical picture of a single drop with
compatibilizer under shear flow (Velankar et al. 2004a). Local
interfacial concentration of compatibilizer is shown schematically
by the thickness of the black boundary of the drop

that the initial deformation of compatibilized drops,
i.e., the deformation at the instant recovery begins, is
expected to be affected by compatibilizer. The effect of
compatibilizer on deformation is not straightforward:
numerical simulations show that, depending on various
parameters values (viscosity ratio, capillary number,
and properties of the surfactant), compatibilizers can
increase or decrease steady-state deformation (Stone
and Leal 1990; Pawar and Stebe 1996; Li and Po-
zrikidis 1997). The direct effect of nonuniform interfa-
cial tension on recovery is that the stresses driving
retraction of the drops (and hence recovery of the
blend) are modified. For example, as a compatibilized
drop retracts, the average compatibilizer concentration
on its surface increases, thus, reducing the average
interfacial tension, and hence also reducing the capil-
lary pressure driving recovery. This is expected to slow
the recovery of compatibilized blends. In contrast, the
Marangoni stress is an additional stress driving the
recovery of compatibilized drops, and hence is expected
to increase the ultimate recovery and accelerate the
recovery. Clearly, if Fig. 7 is indeed the relevant
physical picture to interpret rheological effects of
compatibilizer, its implications to the recovery process
are quite complex: whether recovery increases or de-
creases and whether it is slower or faster depends on
the parameters mentioned above.

Owing to the high volume fraction of drops, the
blends scatter light strongly, and in situ flow visualization
is difficult. We did attempt flow visualization using a
Linkam CSS 450 shear cell. While we were able to con-
firm that compatibilized blends had considerably smaller
drops, we were unable to reach any firm conclusions
about their dynamics. For example, we were not even
able to ascertain with confidence whether compatibilized
drops are more or less deformed during steady shearing.
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In the absence of even qualitative information from flow
visualization, we are unable to speculate on the exact
mechanism by which the compatibilizer increases the
strain recovered and the retardation time.

Finally, we discuss possible reasons for the slow
retardation process evident in compatibilized blends at
small 7z, in Fig. 5c. Recent simulations examined the
shear-induced deformation and the subsequent retrac-
tion of a surfactant-laden drop (Velankar et al. 2004b).
Drops were deformed by shear strains of 1 or 5 strain
units (vs. ~1.6 and 3.5 strain units for the two samples
in Fig. 5c). Drops without surfactant retracted expo-
nentially; i.e., the deformation parameter decreased
exponentially with time as expected (Luciani et al. 1997).
Drops with small amount of surfactant retracted expo-
nentially down to a certain deformation, and then re-
tracted far more slowly. The results were explained in
terms of nonuniform interfacial tension on the surface of
the retracting drop: due to higher surfactant concen-
tration (and lower interfacial tension) at the drop tips
relative to the waist, at some time during retraction, the
capillary pressure difference between the tips and the
waist driving the retraction decreased and became neg-
ligible. Subsequent retraction was then driven by much
weaker Marangoni stresses, and hence was much slower
(Velankar et al. 2004b). The same mechanism can ex-
plain the slow retardation process of Fig. 5c: we specu-
late that in Fig. 5¢, for 1>100 s, recovery is driven by
weak Marangoni stresses only and hence occurs slowly.
We emphasize once again that the strain associated with
the slow retardation process is quite small (<0.02) and
hence likely to be of little practical relevance.

Constitutive modeling

The previous section sought to explain the effect of
compatibilizer on the creep recovery in terms of the
microscopic model of Fig. 7. In the absence of direct
information about compatibilizer concentration gradi-
ents, or even about drop shapes, no firm comments
about the mechanism could be made. An alternate ap-
proach, based upon a constitutive equation, is explored
here. The chief idea is that the compatibilizer, or indeed
any surfactant, gives the interface viscoelastic properties
such as an interfacial modulus or an interfacial viscosity.
The corresponding effects can be incorporated into a
constitutive equation for the rheological properties of
the droplet-matrix blend.

Constitutive equation
Oldroyd (1953) showed that for an emulsion whose

interfaces could be described by their equilibrium
interfacial tension alone,

d dy.
<1+;LF1 &)0':7]b(1+/1an>% (2)
where Ay and 1 are the relaxation and the retardation
times, respectively. All the three constitutive properties,
Ny, Ar1, and Ap can be related to the characteristics of
the blend such as the drop size and interfacial tension. It
was by integrating this equation that the Vinckier model
(Eq. 2 in I) was derived (Vinckier et al. 1999D).

An equilibrium interfacial tension is often insufficient
to characterize the mechanical properties of interfaces;
often additional viscoelastic properties such as an
interfacial modulus or an interfacial shear viscosity are
necessary. For example, if a surfactant-laden interface at
equilibrium is dilated, the surfactant concentration
decreases, thus, increasing its interfacial tension. This
can be described in terms of an interfacial dilation
modulus f:

Oa.
a_Av (3)

where A4 is the area of the interface (Edwards et al.
1991). Indeed, all surfactant-laden interfaces must have
a dilation modulus, and it can be related to the slope of
the curve of interfacial tension versus interfacial sur-
factant concentration. The diffusion of surfactant from
the bulk will eventually reduce the interfacial tension
back to the equilibrium value, hence f is generally time
(or frequency) dependent, but only the frequency-inde-
pendent case will be considered here. Thus, we only treat
the simplest case of blends whose interfaces have two
mechanical properties: the equilibrium interfacial ten-
sion o and a frequency-independent interfacial dilation
modulus, f.

Oldroyd (1955) and later Palierne (1990), showed that
every additional interfacial viscoelastic property gives
the emulsion an additional relaxation and an additional
retardation time. Since the interface here has two
mechanical properties, the corresponding emulsion has
two relaxation times denoted by Ap and Ag;, and two
retardation times denoted by A and Ag. The linear
viscoelastic constitutive equation of such a blend is
(Oldroyd 1955)

d d d AV
<1+)~Fla> (1 +iﬁla>a:nb(l —&—/lpz&) <1+/L/;25>y.
(4)

The parameters Agi, A, Ap1, Ago, and 7, have been
related to the properties of the blend by Oldroyd (-
1955) (assuming Newtonian bulk phases) and by Pali-
erne (1990) (assuming linear viscoelastic bulk phases).
Here we will use explicit expressions for gy, A, g1,
and Ag,, derived from the Palierne model by Jacobs et al.
(1999) These expressions have been provided in the

=4
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Appendix; here we only note that all the four times of
interest can be written in the form as follows:

j~i :%Xf(pv(b,g)

i.e., all the times /; are proportional to Ry, /a. Here we
are concerned with strain recovery following cessation of
steady shear, we will define the corresponding dimen-
sionless times as follows:

(5)

A?Z?O/li:caxf<pa¢uﬂ)7 (6)

o
where j, is the shear rate prior to cessation of shear. It
should be noted that the interfacial dilation modulus f
does not appear independently in the equations in the
Appendix, but only as a ratio f§/«; this ratio, called the
“surfactant elasticity”, was denoted by E  previously
(Velankar et al. 2004b).

Integration of the constitutive equation with two-retar-
dation processes

Expanding out (4)

do d’e
o+ (Ap1 + Ap1) @ + Ar1dp an
dy d?y d¥y
="lq, + (Ar1 + 2p2) 7l + Aradp ik (7)

y:%tﬁ-%x |:)LFI +)vﬂl —/1[:2—)»[32‘1‘(

We will integrate this to obtain the strain recovery
following cessation of steady shear (Fig. 8a) using La-
place transforms. It is algebraically easier to instead
treat the recovery experiment as the subtraction of a

(2r2 = 2r1) (Ar2 — 2p1)

creep experiment from the steady-state experiment as
illustrated in Fig. 8. For the steady experiment Fig. 8b,
obviously

Yo = % and hence y = %, (8)
M M

For the creep experiment, we can arbitrarily choose the
strain at =0 to be zero. Since the sample in Fig. 8c has
not experienced any stress up to =0, all higher deriva-
tives of the stress and the strain are also zero at 1=0:

lieo=0; 6lo=0; 7i=o=0; ==0; ¥l=o=0. (9)
Applying Laplace transforms to (7)
>+ (/lFl +i/31) [s2—0'|,:0} + AriAp [SZZ—SO'L:O—()'L:O}

=1y sF—y|t_0+(iF2+/lﬁz){szr—sy|t_0—§)|t0 leiﬁz

x {s’T —s%y

t:O_Sj)|t:0_:>}’t:0} : (10)

Here 2 (s) and I' (s) are the Laplace transforms of o (¢)
and v (7), respectively. Substituting the initial conditions
and inserting X = g/s as the Laplace transform of the o
(?) in Fig. 8c,

0o 11+ (;LFI + )»ﬁl)s + /l]:]imsz
/N s21+ (;LFZ + )uﬁz)S + )upz/lﬁzsz '

(11)

Inverting this, the strain as a function of time for the
retardation experiment is obtained:

drr=te1) (ra=2p1 ) exp (A;Fi) T (ip=ip) (Gpp=2m) exp (;ﬁi)] . (12)

()n —iﬂz) (2/32 —/F2 )

As per Fig. 8, this strain must be subtracted from the
strain under constant applied stress (8). The remainder
gives the strain corresponding to the creep recovery of
Fig. 8a:

(22 = Ap1) (g2 — 1)

Y= =9 |Ar1 + Agt — A2 — App + -
0 B B (/IFZ_/L[D)

(2 = 20) (%2 = 1 )

exp (/{—é) + exp (/1_—[9] (13)

(22 — Ar2)

Y= |+ By = Ay — A +

(%2 = 452

_Z)Ot> N
-

(%2 - i7)’1) (27?2 - Fm) exp <—jz0t> .
(%2 = 42
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Fig. 8 Shear history of a c

recovery after cessation of
steady shearing is depicted as a
creep subtracted from steady
shear

Go

c6=0, fort<0
=0 fort=0

recovery from steady shear

where we have also substituted oy /n, = ;. The negative
sign simply indicates that the strain direction during
recovery is opposite to that during retardation, and will
be eliminated henceforth. For computational conve-
nience, we reexpress the above equation in dimensionless
terms using (26):

Thus, the ultimate recovery of the blend, obtained as
t — oo, is given by

- ;\4;2

(15)

i.e., the ultimate recovery is equal to the (sum of the
dimensionless relaxation times) — (sum of dimensionless
retardation times). We may consider this ultimate
recovery to occur by two retardation processes: the “F”
process, with a retardation time of A, and the “f”
process with a retardation time of Agz. The strains
recovered by each of these processes are

(2 = 20) (2 = 1)

_a% * 2%
Yoo = Ap1 g — A

VYoo, = (/1;2 - 222) (16)
and
L (%2 = 21 ) (i = 21 | -

(42— 42)

Model results

Equation 14 suggests that recovery can be character-
ized by five parameters: the two dimensionless retar-
dation times A and )»;2, the strains y..p and J.g
associated with each of the two processes, and finally
the ultimate recovery y. = Jer + Jeop. Since all the
dimensionless times are proportional to the Ca (6), all
these five parameters are proportional to Ca. These
are plotted in Fig. 9a, b. Finally, examples of typical
recovery curves at various values of ff/a are plotted in
Fig. 9c. All calculations in Fig. 9 have been done
using ¢=0.1, p=1, and Ca=0.4, and only terms up

t=0

b © c o
o™ Go
t —0 ! ot
=0, forallt 6=0 fort<0
=0y fort=0
steady shear creep

to first order in ¢ have been retained for consistency
with 1.

Figure 9a shows that 4, approaches the retardation
time for the blend without interfacial viscoelasticity
(Eq. 9 in 1) as f/a decreases. In contrast, the /17;2 retar-
dation time increases with decreasing interfacial visco-
elasticity; indeed, at low f/a, it can be shown that 122 oc
(Bl

Figure 9b shows that at small f/a, 7. r is equal to
that for a blend without interfacial viscoelasticity (Eq.
10 in I):

19p + 16

p+1 (18)

2
) 6 0@
Y r Teduces sharply as f/o increases. In contrast, y.. s
has a more complex dependence on f/a: it can be shown
that y. g o (B/x)" at small B/o, but Yo 1S NOt MoONO-
tonically decreasing as ff/o increases.

Unlike the complex dependences of y.. rand y.. 5 on
flo, the total recovery 7y.. has a very simple form:
substituting the expressions for the 4;s in the Appendix
into (15) and expanding at small ¢, one obtains

1
Y o0,uncompat — Ca% <

PES * 2% * o
Voo = Ap1 g = Apy = Apy = 5Cad (4[3 + 1) +0(¢?)
(19)

which is the monotonically decreasing function of f§/a
shown by the thick solid line in Fig. 9b. Remarkably, the
total recovery is independent of viscosity ratio. This
result is qualitatively consistent with Oldroyd’s obser-
vation that if the interfacial modulus is frequency-inde-
pendent, the blend viscosity #,, is equal to that of a
suspension of rigid particles (and hence independent of
p) (Oldroyd 1955). Furthermore, Fig. 9b shows that a
blend with /o >0 always shows greater recovery than a
blend without interfacial viscoelasticity. This is also
clear from comparing (19) and (18): the largest possible
value of (18) is 19%/80Ca¢p=4.51Ca¢p, which is always
less than (19).

Finally, we note that the behavior of a blend
with /o — 0 is qualitatively different from one
with f/a=0: even a small interfacial elasticity causes a
new retardation process (albeit with a very long
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retardation time /1;2). Thus, as f§/o increases from zero,
Y. first increases discontinuously and then decreases
smoothly.

<«

Fig. 9 Dependence of recovery of blends with interfacial dilation
modulus on f/a. All calculations use ¢ =0.1, p=1, and Ca=0.4,
and all equations are used up to first order in ¢. a Dimensionless
retardation times (25, 26). The horizontal line is the blend without
interfacial viscoelasticity (Eq. 9 from I). b Ultimate recovery, using
(15, 16, 17). The horizontal line is the blend without interfacial
viscoelasticity (18). ¢ Recovery curves (14) for blends with
interfacial dilation modulus, and Eq. 2 in I for the blend without
interfacial viscoelasticity

Comparison with experimental results

Finally we compare the model predictions with
experimental observations. The recovery for o/f=0 is
a single retardation process. A small value of f/a
changes the recovery curve abruptly due to the addi-
tional retardation process, while further increases in
f/o cause gradual changes in the recovery curves. The
shape of the sample recovery curves shown in Fig. 9¢
are similar to those observed in Fig. 2; in particular,
the fact that recovery of compatibilized blends in
Fig. 2 cannot be well represented by a single expo-
nential function is captured by Fig. 9c. Yet, there is a
serious qualitative discrepancy. With an increase in
compatibilizer concentration, we expect the ratio f/«
to increase; thus, the model suggests that the ultimate
recovery should decrease with added compatibilizer.
Exactly the opposite was observed experimentally.
Furthermore, (19) predicts that the total recovery is
independent of viscosity ratio, whereas a strong
dependence on viscosity ratio was noted experimen-
tally. We speculate on three possible causes of this
discrepancy. The first, and perhaps most important, is
that Fig. 9 examines the effects of interfacial visco-
elasticity at constant Ca (fixed at 0.4), whereas there
was certainly no means of ensuring that experimen-
tally. Secondly, a time-independent [/« was assumed
in the analysis. However, as drops retract during
recovery, their area decreases, thus, increasing the
compatibilizer concentration and increasing f5/o. Last-
ly, the compatibilizer may not be distributed uniformly
on the drop surfaces during the retraction process (as
per the schematic in Fig. 7), whereas the model as-
sumes uniform interfacial properties all over the drop.
Indeed, since any steady flow is likely to cause sig-
nificant gradients in compatibilizer concentration, this
raises the question of whether a linear viscoelastic
model can be rigorously applied to steady flow of
compatibilized blends at all.

Summary and conclusions

The creep recovery after cessation of shear was examined
for model compatibilized blends with droplet-matrix
morphologies. Even small amounts of compatibilizer
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were found to increase the ultimate recovery of the
blends significantly. Addition of compatibilizer was also
found to slow down the recovery process; however, in
contrast with uncompatibilized blends, the recovery of
compatibilized blends could not be captured by a single
retardation process. Similar to blends without compati-

Appendix

The equations below are given by Jacobs et al. (1999).
We correct a typographical error in those equations (Eq.
11 in Jacobs paper has (1 — (3/2) ¢) in the denominator
whereas (1 +(3/2) ¢) is correct).

5y B (19p+16)[2p +3 = 2¢(p — 1)] 0)
% 40(p+ 1) + 26 (23p + 32) = 20 [4(5p + 2) + L (23p — 16)]
) Ry 2400+ 1)+ 28 (23p+32) — 20 [4(5p +2) + £ (23p - 16)| .
n=="% B0 9) (21)
/121:% (19p+16)2p+3+3¢p(p—1)] (22)
o 40(p+1)+2§(23p+32)+3¢[4(5p+2)+§(23p—16)]
Ry, 0400+ 1) +2£(23p+32) + 3¢ [4(5p +2) +£ (23p - 16)]
= —m % . (23)

x B 48(1+3¢/2)

bilizer, the ultimate recovery was found to increase with
increasing volume fraction of the drop phase and with
decreasing viscosity ratio of the drops relative to the
matrix. Finally, a limited number of transient creep
experiments show that the compatibilizer increases the
ultimate recovery under these conditions as well. In these
experiments, a slow but weak retardation process was
observed in compatibilized blends under some condi-
tions.

All observations are consistent with a previously
developed physical picture that accounts for flow-in-
duced gradients in the compatibilizer concentration, and
hence in interfacial tension, on the drop surfaces.
However, the possible effects are wide-ranging, and in
the absence of direct visualization, we are unable to
comment on the exact mechanism that causes enhanced
recovery. A constitutive approach that captures the
compatibilizer effects in terms of interfacial viscoelas-
ticity is able to capture the recovery kinetics qualitatively
but shows significant quantitative disagreement with the
data.

Acknowledgements We gratefully acknowledge the Laboratory of
Applied Rheology at the Katholiecke Universiteit Leuven for
making the PIB-PMDS diblock copolymer available for this re-
search. Funding for this research was provided by the University of
Pittsburgh and by the Petroleum Research Fund of the ACS (Grant
PRF# 39931-G9).

The relaxation and retardation times are given by

-1

Arr =221 |1 +4/1 —4-;Vll ;
12
. (24)
g =221 [1— 1 - 421
A2
1
., |
Ay =241 |14+ 41 —4 ;
An
— (25)
Jgp =21 [1 =41 —4%] .

Equations 24 and 25 are in a slightly different alge-
braic form than those provided by Jacobs et al. (1999):
since A1, and A, both remain finite in the limit of /e =0,
(24) and (25) are slightly more convenient than those
given by Jacobs et al. Finally, all the above times can be
made dimensionless by multiplying by the steady shear
rate 7, :

/1752 = Jolp2-
(26)

Apy = VoAF1s Ag = ToApts Ay = ToAr2;
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