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Bicontinuous microemulsions arise in a narrow concentration range for ternary blends containing two
immiscible homopolymers and the corresponding diblock copolymer. Steady shear reveals four distinct
regimes of response as a function of shear rate, corresponding to flow-induced transitions in fluid struc-
ture. In situ neutron scattering shows flow-induced anisotropy in the nanometer-scale microemulsion
structure at moderate shear rates, while higher rates induce bulk phase separation, with micron-size mor-
phology, which is characterized with in situ light scattering and optical microscopy.
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Soft materials often exhibit complex equilibrium mor-
phologies arising from a subtle balance of intermolecu-
lar forces. Stresses induced by shear flow are capable of
disrupting these balances, leading to flow-induced defor-
mation of equilibrium morphologies, or even flow-induced
transitions to nonequilibrium phases. There are numer-
ous examples of shear-induced structural transitionsin vir-
tually al classes of complex fluids, including surfactants
[1,2], liquid crystals [3], block copolymers [4,5], colloids
[6], and polymer solutions and blends [7,8].

Bicontinuous microemulsions (BuE) are a particularly
intriguing class of material in which amphiphilic molecules
stabilize the interface between immiscible liquids with
compositional heterogeneity on the nanometer scale. We
recently demonstrated that BuE may be generated in
polymers by preparing nearly symmetric blends of
two immiscible polymers with a corresponding diblock
copolymer [9]. Microemulsion phases are found in the
region of the phase diagram where mean-field theory an-
ticipates an isotropic Lifshitz point, and are stabilized by
concentration fluctuations that are ignored in mean-field
theory [9,10]. Since shear can strongly impact polymer
phase behavior through its coupling to concentration
fluctuations [4,7], we expect that polymeric BuE will
exhibit rich behavior under flow. These fluids resemble
the sponge phases consisting of a 3D bilayer of surfactant
separating domains of solvent, in which a shear-induced
sponge-lamellar phase transition is reported [1]. They
also resemble fluctuating disordered symmetric diblock
copolymers, where shear can induce a transition to an
ordered lamellar phase [4]. However, they aso are similar
to polymer blends, where shear can strongly influence the
multiphase morphology and promote either shear-induced
mixing or demixing [8]. Based on these precedents, it is
not immediately clear which response(s) the BuE will
exhibit. In this Letter we demonstrate that shear first
distorts the BuE structure and then induces a bulk phase
separation by which the length scale of concentration
heterogeneity increases by 2 orders of magnitude. Further
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increases in shear rate apparently drive the system towards
remixing.

The BuE described here contains poly(ethyl ethy-
lene) (PEE), poly(dimethyl siloxane) (PDMS), and a
PEE-PDMS diblock copolymer with molecular weights
(g/mol) of 1710, 2130, and 10400 (fpee = 0.52),
respectively, and low polydispersities (M,,/M, = 1.1).
The PEE was obtained by saturating precursor 1,2-
polybutadiene with deuterium, in both the homopolymer
and diblock copolymer samples, thereby enhancing the
system neutron contrast. A detailed description of the
synthesis procedures and the phase diagram is available
elsewhere [11]. The pure PEE-PDMS material exhibits an
order-disorder transition at 90 °C, while the PEE-PDMS
binary mixture has a critical temperature of 150 °C. The
experiments discussed in this Letter were conducted on a
B« E containing 10% block copolymer and equal amounts
of homopolymers by volume.

Steady shear rheological measurements, performed
using a Rheometrics Scientific ARES controlled-strain
rheometer, reveal four regimes in its mechanical response
to flow (Fig.1); identical viscometric properties are
obtained upon increasing or decreasing the shear rate. At
low shear rates (Regime I), the microemulsion exhibits
Newtonian behavior, but as the shear rate is increased,
shear thinning becomes evident (Regime Il). Further
increase in shear rate leads to a regime in which the shear
stress is nearly constant (Regime 111), while at the highest
rates studied, the stress once again increases with shear
rate (Regime 1V). We will provide a detailed analysis of
this complex rheology in a future publication. Here we
simply note that all three components are disentangled,
and the viscoelastic response (including normal forces) is
dominated by the interfacial structure.

To characterize the structural changes responsible for
this unusual rheology, we have used in situ small-angle
neutron scattering (SANS), small-angle light scattering
(SALS), and optical microscopy. The SANS experiments
were conducted with the 30 m NSF/CHRNS SANS
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FIG. 1. Steady shear rheological data at 15 °C, showing the
viscosity ((J) and shear stress (O) as a function of shear rate.
Data collected in the reverse direction, i.e., with decreasing rates,
are shown as (+) and (x), respectively. The insets represent the
schematics of the hypothesized fluid structure in each of the four
flow regimes.

instrument at NIST (Gaithersburg, MD), using a quartz
Couette shear cell. The incident neutron beam (A = 12 A
and AA/A = 0.11) passes through this cell in the ra
dial direction, with a total sample thickness of 1 mm.
The SALS measurements were performed by using a
Linkam shear stage, which employs a rotating parallel
disk flow with transparent plates. A He-Ne laser beam
(A = 632.8 nm) was directed through the flow along the
gradient direction, and 2D SALS patterns were projected
onto a frosted glass screen and imaged with a CCD
camera. Real-space microscopic imaging used the same
shear cell, mounted on an optical microscope (Olympus)
with a long working distance objective.

In the quiescent state, and at shear rateswithin Regime 1,
2D SANS patterns areisotropic (Fig. 2a) and characterized
by a peak that iswell described by the Teubner-Strey struc-
ture factor for BuE [11-13]. As the shear rate increases
into Regime |1, the patterns become anisotropic, reflecting
asuppression of scattered intensity along the flow direction
(Fig. 2b). In Regime 111, the anisotropic microemulsion
pattern is accompanied by a streak of increased scatter-
ing intensity at low ¢ oriented perpendicular to the flow
direction (Figs. 2c and 2d), indicating the formation of
anisotropic structures at larger length scales. This low ¢
scattering increases in intensity throughout Regime 111 and
into Regime IV (Figs. 2e and 2f). At high rates within
Regime |V, there is complete loss of intensity at high ¢
(i.e., intherange of the original microemulsion peak). Fur-
ther increase of shear rate leads to saturation in the scat-
tering intensity at low g.
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FIG. 2 (color). 2D SANS patterns at different shear rates
(T =15°C) (@ 0, (b) 0.316, (c) 3.16, (d) 10, (e) 31.6, and
(f) 316 s'. Data were collected for 300 s for each image.
The patterns are shown in false color with constant logarithmic
intensity scale.

At rest, and within Regimes | and Il, the sample is
nearly optically clear, with only a faint blue tint due
to light scattering from the microemulsion structure
(d = 2 /q* = 78 nm). The SALS patterns collected at
these low rates show only stray background scattering
(Fig. 3). Upon entering Regime Ill, a bright streak
emerges in the SALS patterns, oriented perpendicular
to the flow direction, which increases in intensity with
increasing shear rate. Direct microscopic observation in
Regime I11 shows highly elongated micron-size structures
(top panel, Fig. 4d). Following flow cessation within
Regime |11, the elongated structures gradually break up,
confirming the existence of multiple phases during flow
(Fig. 49). The droplets thus formed gradually redissolve
as the blend returns to its equilibrium B E morphology.

In Regime 1V, a dark streak emerges in the SALS pat-
tern, dividing it into two lobes, which progressively sepa-
rate and become more diffuse with further increases in
shear rate (Fig. 3). At the same time, the total scatter-
ing intensity weakens, although this is likely due in part
to the increasing overall turbidity. Optical microscopic
observation at high rates also becomes difficult due to high
turbidity, and only adark featurelessimage is obtained (top
panel, Fig. 4b). At higher illumination, fine striations may
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FIG. 3 (color). Steady SALS patterns at different shear rates
(T = 15 °C, sample thickness equals 450 wm). The flow direc-
tion is vertical. The patterns are shown in false color with the
same linear intensity scale.

still be observed within the overall dark images. Structural
relaxation in Regime IV occurs by avery different mecha-
nism than in Regime I1I. Upon flow cessation, there is a
rapid overall increase in the image brightness, accompa-
nied by fine-scale heterogeneity (Fig. 4b). As time pro-
gresses there is some coarsening in this fine structure, but
also a progressive weakening in contrast as the sample re-
turns to the BuE phase. The short time structural pro-
gression in Fig. 4b resembles the relaxation of immiscible
polymer blends that have been sheared at high rates, in
which spinodal-type structures are observed shortly after
flow cessation [14]. However, unlike the binary blends
where there is macroscopic phase separation at long times,
these structures gradually remix to form the BuE.

The insets in Fig. 1 schematically illustrate hypotheses
for the morphologica transitions occurring through these
regimes. Regime Il is characterized by a distortion of the
microemulsion. The interface with its normal parallel to
the flow direction is exposed to the velocity gradient and
is deformed and/or rotated away from this orientation, ac-
counting for the loss of SANS intensity along the flow
direction. This has the effect of reducing the degree of
percolation of the bicontinuous structure in the velocity
gradient direction, which should lead to a viscosity reduc-
tion, particularly since there is very high viscosity con-
trast between the two homopolymers (at 15 °C, npgg =
1500mppMms). At the sametime, this distortion of interface
places the BiE under increasing duress, since its equi-
librium structure is optimized between a swollen lamellar
structure and bulk phase separation.

We hypothesize that, beyond a critical shear stress, the
BuE cannot withstand further deformation and submits
to phase separation. The stress plateau in Fig. 1 corre-
sponds to this critical stress level. Stress plateaus have
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attracted considerable interest, particularly in wormlike
surfactant micelles. They have been interpreted either via
a shear banding instability resulting from a nonmonotonic
dependence of shear stress on shear rate in a single fluid
phase [15] or in terms of a shear-induced transition be-
tween distinct fluid phases [2,16]. Direct microscopic vi-
sualization (Fig. 4a) provides conclusive evidence for the
existence of multiple fluid phases within the stress plateau
observed here.  Within Regime I1l, we suspect that the
critically deformed microemulsion remains the continuous
phase, while increasing amounts of minority phase(s) are
gjected in response to increases in shear rate as a stress
limiting mechanism. This is consistent with the increas-
ing SALS intensity with shear rate in this regime and the
fact that SANS patterns continue to show the anisotropic

(@) (b)

Steady State

FIG. 4. Video microscopy images of structural relaxation upon
cessation of shear flow within (a) Regimelll (7.5s™!) and
(b) Regime IV (150 s'). T = 15°C; the sample thickness
equals 800 um for (a) and 450 um for (b). The intensity scale
is the same for all images within a set.
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microemulsion scattering peak even as the low ¢ scat-
tering grows. This mechanism makes particular sense
if one of the phases is PDMS-rich, since PDMS has a
much lower viscosity than the BuE and hence will con-
tribute negligibly to the overall viscosity. However, the
overall symmetry of the phase diagram and close prox-
imity to a three-phase region [17] suggest that Regime 111
may indeed be a shear-induced transition to a three-phase
state, in which both PEE and PDMS homopolymers are
gjected from the B E, and in which (perhaps) excess block
copolymer is solubilized in the homopolymers either as
free molecules or micelles.

SANS shows the loss of all remnants of BuE scatter-
ing at sufficiently high shear rates in Regime IV. At the
same time, there is still very strong low ¢ scattering, and
high sample turbidity. In this limit, we believe the ternary
blend has been fully transformed into two nonequilibrium
phases, rich in PEE and PDMS, with the block copolymer
at the interface or solubilized within the homopolymers.
The structure and rheology in this regime are then similar
to that typically observed in immiscible blends. The de-
tails of the transition between Regimes |1l and IV are not
clear. SANS suggests that the BuE is only fully destroyed
at a rate between 31 and 100 s~ !, rates above the I11/1V
transition where stress is again increasing with shear rate.
If the stress plateau is set by the maximum stress that can
be sustained in the deformed BuE, it is possible that the
end of the plateau corresponds to the point where the BuE
stops being the continuous phase and hence ceases to con-
trol the stress level in the sample as a whole. In this case,
the I11/1V transition does not correspond directly to the
final destruction of the BuE phase.

Polymeric BuES occupy a narrow composition range
intermediate between lamellar block copolymer struc-
tures, with organization at the nanometer-scale, and
phase-separated polymer blends, which typically exhibit
micron-scale multiphase morphology. Shear flow of this
microemulsion leads to flow-induced structural phenom-
ena that similarly bridge this gap between nanostructure
and macrostructure. However, these complex phenomena
are yet to be fully understood, and are distinct from the
behavior of related classes of complex fluids. One report
on block copolymer blended with the corresponding
homopolymers [18] indicates that shear flow stabilizes
the ordered phase. Studies on sponge phases [1] have
shown a flow-induced transition to the lamellar phase.
It is intriguing why the sponge phase goes lamellar, but
the BLE phase separates; one factor could be the low
solubility of the low molecular weight surfactant in water.
Another reason may be that the sponge phase consists of
only two components, whereas the BuE has three, the
additional degree of freedom facilitating phase separation.
Oil /water/surfactant BuEs [19] exhibit shear thinning
at very high rates, attributed to pinching off of conduits
along the shear gradient direction. The critical shear rate
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for the onset of shear thinning in the o/w/s BuE was
typically 2000 s™!, whereas it was about 0.1 s™' for our
polymeric system. Thus the maximum relaxation times
in the two systems can differ by as much as 4 orders
of magnitude. This underscores [11] the convenience of
having a polymeric system as a model for studying the
dynamics and rheological behavior of BuE.
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