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ABSTRACT: The effect of steady shear flow on the morphology and rheology of two lamellae-forming
polystyrene-block-polybutadiene-block-poly(methyl methacrylate) copolymer solutions has been studied using
time-resolved Rheo-SAXS experiments. The main effect of shear flow is to reversibly align the ordered lamellae
in perpendicular orientation with long-range order at low shear rates and in parallel orientation at high shear
rates. The crossover from low to high shear rates behavior occurs at . ~ 7!, where 7 is the single chain relaxation
time. Both orientations coexist in the vicinity of y. without any apparent drift toward a well-defined state. Whereas
a high degree of perpendicular alignment is achieved at low shear rates, the parallel alignment above 7. is highly
defective, and it is progressively destroyed by the flow. Upon flow cessation, the fraction of disordered material
rearranges into lamellae in transverse alignment. These results highlight the specificity of strong shear flows with
respect to oscillatory shear flows commonly used to align block copolymers and of ABC mesophases with respect

to other block copolymers mesophases.

I. Introduction

Block copolymers exhibit complex dynamics when subjected
to external mechanical fields. Shear flows can cause microphase-
separated block copolymers to align in large domains with long-
range translational order and various orientations depending on
the experimental conditions. The behavior of block copolymers
under flow is fundamental to the design and the processing of
these materials. When a high degree of flow alignment can be
achieved, it is possible to fabricate highly organized anisotropic
materials with interesting properties that have numerous po-
tential applications in conventional and advanced technologies.
Moreover, since the resistance to flow strongly depends on the
orientation of the microstructure with respect to the axis of
deformation, the coupling between flow and microstructure
greatly influences the linear and nonlinear rheology of block
copolymers.

In past years the behavior of lamellar block copolymers has
stimulated a lot of work. Many studies have focused on diblock
copolymer melts under large-amplitude oscillatory shear flows.
Two main orientations have been identified: (1) the perpen-
dicular orientation where the normal to the lamellae is oriented
along the shear gradient (Figure 1a); (2) the parallel orientation
where the normal is along the vorticity direction (Figure 1b).
The selection of one particular orientation depends primarily
on the frequency w of the oscillatory strain. Three frequency
regimes have been identified and conceptualized.'™ These
regimes are separated by the characteristic frequencies wq and
.. w. is of the order of the inverse of a single chain relaxation
time. wq is a characteristic frequency associated with the
relaxation of defects between microdomains. In the low- and
high-frequency regimes (v < wg and v > w,), shearing leads
to parallel orientation, whereas in the intermediate frequency
regime (wg < @ < @) the shear stable alignment is perpen-
dicular. A third possible orientation, the transverse orientation
where the normal is oriented along the velocity direction (Figure
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Figure 1. Three possible states of macroscopic alignment of lamellae
under shear flow in a Couette cell. The velocity direction (V) and the
shear gradient direction ([JV) are parallel and normal to the walls,
respectively; the vorticity (@) direction is along the axis of rotation.
(a) Perpendicular alignment: the layers are perpendicular to the walls.
(b) Parallel alignment: the layers are parallel to the walls. (c) Transverse
direction: the normal to the layers is along the velocity direction. (d)
Relative arrangement of the SAXS beam and of the Couette cell
showing the radial (1) and tangential configurations (2).

1¢), has been reported. It generally occurs in combination with
other orientations during transient states> and/or in the presence
of specific defects like kink bands.®° In one situation, where
the chain dynamics was dominated by the presence of entangle-
ments, pure transverse alignment has been reported.'’

For a given diblock copolymer not all orientations are
systematically observed. Experimentally, the selection of a
particular state of orientation is a complex process that involves
the interplay of many parameters. Chain distortions and mo-
lecular relaxations play a central role in the development of
parallel alignment at high frequencies.'' A large contrast in the
viscoelastic properties of the blocks also favors the parallel
orientation since in it the strain is localized in the softer blocks,
which lowers the overall stress."*!'? The thermomechanical
history of the copolymer also plays an important role. Parallel
orientation is achieved at low frequency only when the melt is
annealed at temperature below the order—disorder temperature
(Topr) before shearing.13 In the same vein, shearing as the melt
is cooled from above Topr systematically leads to uniform
perpendicular alignment, while parallel alignment is preferred
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when the shearing is applied once in the ordered state." The
proximity of the temperature to Topr is then another crucial
parameter.'>'* The processing steps prior to shear application
can also induce a particular orientation and/or specific trapped
defects that will greatly influence the outcome of subsequent
shearing experiments.® Finally, the strain amplitude not only
influences the rate and the degree of alignment but also
contributes to the selection of the direction of alignment.>'>'¢

Fewer studies have investigated the alignment of diblock
copolymer solutions under reciprocating shear flow.'”° The
results are globally consistent with the behavior of melts, except
that parallel alignment is never observed at very low frequencies.

Notwithstanding the conceptual importance of diblock co-
polymers, practical applications of block copolymers rely on
triblock or multiblock molecular architectures, which involve
bridging and looping of the internal blocks. The most compre-
hensive studies of flow alignment of multiblock copolymers
have focused on ABA triblock and ABABA pentablock
copolymer melts.'**'>* Although triblock copolymers share
common features with diblocks, they exhibit a greater sensitivity
to experimental conditions, and several contradictory results
have been reported.'*?'~?* In pentablock copolymers,>* the only
stable arrangement is the low-frequency perpendicular orienta-
tion. A transition to a disordered state occurs at high frequency.
Upon flow cessation, the molecules reorder into a well-defined
stable transverse orientation. This behavior has been interpreted
in relation with the pentablock architecture that imposes a strong
mechanical coupling between the block layers and prevents the
microdomains from sliding relative to each other, thus destroying
the parallel orientation.* Similar arguments have been devel-
oped for other multiblock copolymers.>

While all these studies have focused on flow alignment
dynamics of block copolymer melts subjected to reciprocating
shear flows at fixed amplitude, comparatively little attention has
been paid to block copolymers in steady shear flow. Yet steady
flows are commonly involved in engineering processes used to
process films, fibers, and coatings. For instance, copolymer
solutions roll-casting has proved to be a reliable method to
produce films with long-range order.?® In addition, given that
the strain amplitude and the frequency have appeared to be
important parameters in oscillatory flow alignment, new phe-
nomena are expected to occur in strong flow conditions where
large strains accumulate during shearing. It has been found that
the orientation in diblock solutions flips from perpendicular to
parallel when the shear rate is increased but that the parallel
alignment at high shear rates is associated with highly nonlinear
elasticity.?° For the case of extrusion, it has been reported that
diblock copolymers orient in parallel and perpendicular direc-
tions or become disordered depending on the shear rate and on
annealing.?”*® Still more puzzling, the extrusion of pentablock
solutions at high shear rates produces a stable transverse
orientation at high shear rates.>

In this paper, we investigate the alignment of lamellae
forming ABC copolymer solutions under steady shear flow and
the relation with the rheological properties. ABC copolymers
have a higher degree of complexity than AB and ABA
copolymers due to their connectivity. In ABC copolymers the
midblocks B necessarily bridge the end blocks A and C, which
belong to two different microdomains. By contrast, in ABA
copolymers the midblocks can adopt a loop or a bridge
conformation so that they belong either to the same or to
different microdomains. Another characteristic feature of this
work is that it focuses on solutions with very low viscosity
where the molecular relaxation time of block copolymer chains
(~0.1 s) is much shorter than the typical duration of an
experiment, allowing us to avoid long-lived intermediate states
that may arise from slow chain or domain relaxation. One
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Table 1. Properties of the Two Block Copolymers S.B,M, Used
in This Study”

copolymer  x y Z fs /s M M, PDI
SiiBigM7  0.11  0.19 0.70 0.11 024 0.65 216450 1.5
S24B2iMss 024 021 055 024 026 050 148625 1.2
¢ Subscripts x, y, and z refer to the weight fraction of the components S,
B, and M. f; designate the volume fraction of block i. My, is the weight-

average molar mass. The index of polydispersity (PDI = M,,/M,, where
M, is the number-average molar mass) is for the entire triblock copolymers.

additional motivation to study the flow properties of block
copolymer solutions is their major impact on the recovery
processes that follow the synthesis of these materials.

The ABC copolymers studied in the following are polystyrene
(S)-block-polybutadiene (B)-block-poly(methyl methacrylate)
(M), designated as SBM hereafter. When dissolved in weakly
selective solvents, SBM copolymers self-assemble into meso-
phases with various morphologies. Here we focus on two
different SBM compositions leading to lamellar mesophases.
One is an asymmetric copolymer that forms two-phase lamellae
when the end blocks segregate into mixed S + M microdomains.
The second one is a symmetric copolymer that self-assembles
into three-phase lamellae with the end blocks laying into distinct
microdomains. The first copolymer is similar to a ABA
copolymer while the second one exhibits the typical behavior
of true ABC copolymers. We simultaneously probe the degree
of order, the state of orientation, and the associated rheological
properties of mesophases using time-resolved Rheo-SAXS
experiments. Two main orientations are found: a perpendicular
orientation at low shear rates and a highly defective parallel
orientation at shear rates just above the inverse of the relaxation
time of individual chains. The lamellar alignment reversibly flips
from one orientation to another. At much higher shear rates, a
significant fraction of lamellae is destroyed by the flow and
reorient in transverse orientation upon flow cessation. These
phenomena are associated with peculiar variations of the
viscosity with the shear rate.

I1. Experimental Section

II.1. Materials and Sample Preparation. The poly(styrene-
block-butadiene-block-methyl methacrylate) triblock copolymers
(SBM) used in this study were synthesized by anionic polymeri-
zation by Arkema using procedures described elsewhere.®® The as-
received powder is a mixture of poly(styrene-block-butadiene)
diblock copolymer (SB) and of SBM triblock copolymer. The SB
diblocks were extracted as follows.>' The powder was first dispersed
in a mixture of cyclohexane and n-heptane (60/40 wt %), which is
a selective solvent for SB diblocks. The dispersion was then heated
at 84 °C for 2 h under vigorous stirring. At the end of the extraction,
the dispersion was centrifuged, and the supernatant was carefully
removed. The solid part, which mainly contains SBM triblocks,
was rinsed with the cyclohexane/n-heptane mixture and dried under
vacuum. The selectivity and the efficiency of the extraction were
checked by size exclusion chromatography (SEC) and 'H NMR.
The process was repeated several times to achieve a high degree
of purity. The product obtained after three successive operations
contained less than 1 wt % of SB. The composition and the
polydispersity of the S and M blocks were analyzed by SEC after
selective ozonolysis of the B blocks. The S and M blocks were
found to have the same polydispersity index (PDI = 1.2), yielding
a total polydispersity index of the order of 1.4. To characterize the
copolymers, we use the S,B,M, nomenclature, where the subscripts
X, y, and z refer to the weight fraction of the components. The
characteristics of the two SBM copolymers used in this study are
listed in Table 1.

Solutions of SBM copolymers were prepared by dissolving the
required amount of polymer in toluene, which is a good solvent
for each block of the copolymer. Solutions were carefully stirred
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during at least 48 h to ensure complete dissolution and homogeneity.
The copolymer concentration was expressed in terms of the weight
fraction of copolymer hereafter denoted by C (g/g). C was
systematically varied between 0.05 and 0.30 g/g in increments of
0.05 g/g.

II.2. Rheometry. A Haake RS150 rheometer was used for
rheological experiments. For laboratory measurements, the rheom-
eter was equipped with a cone and plate geometry (35 mm in
diameter; 2° angle). A solvent trap was especially designed to reduce
solvent evaporation during long duration measurements. Calibration
and testing of the system have shown that evaporation does not
affect measurements up to 15000 s. For combined SAXS and
rheometry investigations, we used a homemade aluminum Couette
cell. Solvent evaporation was minimized using a cap attached to
the rotor. This allowed us to work for at least 4 h without any
significant change in the rheological properties. The radius of the
inner cylinder (rotor) was 10 mm. The gap between the rotor and
the stator was 1 mm. We first determined the domain of linear
viscoelasticity by performing dynamic stress sweeps at a frequency
of 1 Hz. In practice, the strain response was linear in stress when
the strain amplitude did not exceed the value y¢ = 0.01. All dynamic
measurements were performed in this linear viscoelasticity domain
in order to preserve the structure of the solutions. Flow alignment
experiments in steady shear flow were performed by applying a
constant stress and recording the time evolution of the strain and
of the shear rate until steady state was reached. It is important to
note that since the order transition was not accessible even at
moderate concentration, annealing was not possible and the shear
flow was systematically applied on an ordered phase.

I1.3. Rheo-SAXS. Small-angle X-ray scattering (SAXS) experi-
ments under shear flow were performed on the High Brilliance
beamline ID02 at the ESRF (Grenoble, France). The optics was
used at a fixed wavelength of A = 0.1 nm. The sample-to-detector
distance was set at a distance of 10 m. The scattering vectors ¢
accessible with the setup are in the range [0.015 nm™!, 0.568 nm ]
(g = 4m sin(6/2)/A where 6 is the scattering angle). The experi-
mental resolution was Ag = 0.0075 nm~!. The shape and the size
of the beam (300 um) were controlled by two orthogonal rectangular
slits. The rheometer was mounted on a motorized translation stage,
which allowed accurate positioning in the horizontal and vertical
planes relative to the incident beam. We used two experimental
configurations that are illustrated in Figure 1d: the radial config-
uration where the beam intersects the axis of symmetry of the
Couette cell and the tangential configuration where the beam passes
through the edge of the cell. For both cases, perfect alignment of
the beam direction with respect to the cell is crucial. In the radial
configuration, the beam is parallel to the velocity-gradient direction,
and we detect the scattering patterns in the flow—vorticity plane
(gv» 4s) (@ is the vorticity direction). In the tangential configuration,
the beam is parallel to the velocity direction, and we obtain the
scattering patterns in the shear gradient—vorticity plane (¢ov, ¢a)-
Because of the high flux available on the beamline and to the high
electron density contrast between the blocks, the time of integration
per image was as low as 20 ms, allowing us to perform time-
resolved experiments.

Two-dimensional spectra were collected by a Thomson X-ray
image intensifier optically coupled to a CCD-based FReLoN
detector (fast read-out and low-noise detector). Raw images were
converted to absolute intensities using the scattering from a Lupolen
standard.** We took the path lengths in the radial and tangential
configurations equal to 2 and 6.5 mm, respectively. Normalized
images were corrected from the background scattering by subtract-
ing the pattern scattered by the Couette cell filled with toluene.
The resulting scattering patterns were analyzed in two different
ways. First, we reduced the two-dimensional images to one-
dimensional spectra I(q) by integrating the intensity over the
azimuthal angle ®. The origin of the azimuthal angle coincides
with the horizontal gy and gry axes, respectively, for the radial
and tangential configurations. Second, we extracted the azimuthal
dependence of the intensity at the principal peak wave vector (g*)
by integrating the intensity over a circular ring of width g = 2.5
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Figure 2. SAXS intensity vs scattering vector from solutions of
S11B19yM7 in toluene at different concentrations (from bottom to top:
C =0.10, 0.15, 0.20, 0.25, and 0.30 g/g). For clarity, the data for C =
0.15, 0.20, 0.25, and 0.30 g/g are shifted upward by 1, 2, 3, and 4
decades, respectively. For C = 0.25 g/g three orders of diffraction are
visible (shown by arrows).

x 1073 nm™~! centered on ¢*. The plots showing the variations of
I(®D) vs @ are called azimuthal plots in the following.

II1. Results

II1.1. Ordering Transition vs Concentration. The two-
dimensional SAXS patterns of quiescent solutions exhibit
isotropic diffraction rings allowing us to calculate scattering
profiles I(g) by radial integration over the azimuthal angle.
Figure 2 presents the scattering profiles of S;;Bj9M7¢/toluene
solutions at different concentrations ranging from C = 0.05 g/g
to C = 0.30 g/g. The scattering intensity increases significantly,
and the shape of the peak changes drastically when the
concentration is increased. For C < 0.15 g/g, the peak intensity
is low and the peak width is large. This broad peak indicates
that the copolymer solution is fully disordered. For C = 0.20
g/g, the Bragg peaks become sharp and intense. At the largest
concentrations investigated, higher order diffraction peaks are
observed. These results show that solutions of S;;Bj9M7g in
toluene exhibit a transition from a disordered state to an ordered
state at a relatively low concentration.

Figure 3 shows that the linear viscoelastic properties of the
solutions also change drastically at the transition. For C = 0.175
g/g, the elastic G'(w) and viscous G"(w) modulus vary much
like in a disordered polymer solution. At low frequency, terminal
behavior is observed with G'(w) ~ w? and G"(w) ~ w. The
characteristic relaxation time of individual chains can be esti-
mated from the limit (G'/wG"),—o or similarly from the
frequency at which [G'(w)]y—0 crosses [G" (w)],—o. From the
data shown in Figure 3 we deduce that 7 ~ 0.1 s at 20 °C. For
C=0.25 g/g, G' and G"(w) are nearly equal and follow a power
law variation with an exponent of about 0.5: G'(w) ~ G"(w) ~
%3, This is the characteristic behavior expected for multigrain
lamellar materials.*?

We have determined the transition between the disordered
state and the microphase-separated state from (a) the variations
of the maximum peak intensity (/max) and of the width of the
peak at half-maximum (d¢) with the concentration and (b) from
the increase of the shear modulus with concentration (Figure
4). Imax exhibits a sharp drop, and d¢q decreases by more than 1
order of magnitude near C = 0.175 g/g. The storage modulus
rises sharply around C = (.18 g/g. In conclusion, ordering in
S11Bi9yMyp/toluene solutions occurs in the narrow range of
concentrations (0.175 g/g < C < 0.18 g/g).

Similar behavior was observed for the solutions of S,4B>Mss
in toluene. They exhibit a disorder—order transition as the
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Figure 3. Linear viscoelastic properties of solutions of S;1Bj9yM7g in
toluene below and above the ordering concentration (storage modulus,
G': full symbols; loss modulus, G": open symbols). The top curves
are for an ordered solution at C = 0.25 g/g. The bottom curves are
measured for a disordered solution at C = 0.175 g/g. The dashed lines
show that the disordered solution exhibits a terminal behavior; from
their intersection (shown by the arrow), we estimate the characteristic
relaxation time of the chains.
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Figure 4. Determination of the ordering concentration of S;;B19Myg in
toluene. Top: variations of the maximum peak intensity (/max) and of
the peak width measured at half-maximum (dg) vs polymer concentra-
tion. Bottom: variations of the shear modulus measured at @ = 0.1
rad/s vs polymer concentration.

copolymer concentration is increased. The value of the ordering
concentration (C = 0.2 g/g) is slightly larger than that found
previously in S;1B19M7y¢/toluene solutions, which is due to the
lower molecular weight of S»4B»;Mss. The characteristic relation
of the chains measured in the disordered state is very close to
that found for the S;;B19yM7o (T ~ 0.05 s).

II1.2. Structure of Solutions in the Ordered State. In Figure
2, we observe that the positions of the maxima of the higher
order scattering peaks are integer multiples of the position of
the first-order peak (¢gm = 0.0994 nm™!). This shows that
S11B19Myp/toluene solutions have a lamellar morphology with
a long period dp, = 63.2 nm for a volume fraction ¢ = 0.25.
The scattering profiles of S;4B»;Mss/toluene solutions (not
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shown) also reveal lamellar morphology with a long period d,
= 94.1 nm when ¢ = 0.26. Clearly, the long period of
S11B19Myp/toluene lamellar mesophases is much smaller than
the long period of S,4B,1Mss/toluene solutions even though the
degree of polymerization of S;1B19gM7o (N = 1655) is larger
than that of S24B21Mss (N = 1340). More precisely, if we assume
that the long period dp, varies with the degree of polymerization
as N3 due to chain stretching,* a block copolymer S»4B2Mss
with N = 1655 would have a long period d,, = 110 nm. Indeed,
the long period measured for many other SBM lamellar solutions
prepared with a copolymer having a similar degree of poly-
merization is systematically larger than 100 nm. For instance a
S25B2sMy; block copolymer with N = 1805 dissolved in
chloroform (¢ = 0.22) forms lamellae with a long period of
122 nm.*' In conclusion, the long period in S;1Bj9M7o/toluene
solutions seems to be too small by a factor 2.

In the literature, anomalous values of the long period of SBM
morphologies are generally associated with the mixing of the S
and M end blocks in S + M microdomains.*>=7 As already
discussed in the Introduction, there is a fundamental difference
between SBM block copolymers where the end blocks are
phase-separated and their counterparts with mixed end blocks.
The former behave like ABC copolymers while the latter behave
very much like ABA copolymers. Accordingly, the long period
of an ABA copolymer is about the half of that expected for
ABC copolymer with the same molecular weight. Morphologies
where S and M are mixed have already been observed in SBM
and MSBSM?® block copolymers. End blocks mix when at least
one of them is short, which minimizes the enthalpy penalty,*”
as is the case for the S;;B;9M7o block copolymer.

II1.3. Lamellae Alignment under Shear Flow. Let us first
determine the state of orientation at steady state of S;1B19M7¢/
toluene solutions under steady shear. As stated earlier, it is
important to notice that the order—disorder transition is not
accessible so that we always start from an ordered phase. Figure
5 shows the two-dimensional scattering patterns observed at
steady state in the (v, ¢s) plane (radial observation) and in the
(goy» ga) plane (tangential observation) for low, intermediate,
and high shear rates (C = 0.25 g/g). At low shear rates (y =
0.1 s, we observe intense meridian Bragg peaks centered at
® = 1+90° in both the radial and tangential planes. This indicates
perpendicular orientation with the layers of the lamellae lying
in the (V, 0V) plane, their normal being parallel to the vorticity
direction (Figure 1a). At high shear rates (y = 30 s™1), the state
of orientation is totally different. In the radial plane, there is no
diffracted intensity apart from two very weak meridian peaks.
In the tangential plane, there are two intense equatorial peaks
centered at & = 0° and @ = 180°. The absence of diffracted
intensity in the radial plane and the presence of equatorial peaks
in the tangential plane indicate a preference for obtaining
lamellae in parallel orientation. The layers of the lamellae are
parallel to the (OV, @) plane, and their normal is along the
velocity-gradient direction (Figure 1b). At intermediate shear
rate (y = 20 s™1), we detect meridian Bragg peaks in the radial
plane and both meridional and equatorial peaks in the tangential
plane. This is the signature of mixed orientation with coexistence
of perpendicular and tangential alignments. This mixed orienta-
tion persists under shearing over very long periods of time
without any drift of the system toward a preferential orientation.

These observations are rationalized in Figure 6a where we
plot the intensity detected in the tangential plane at ® = 90°
and @ = 180° against the shear rate. Stable perpendicular
orientation (1(90°) > I(180°)) is observed over a wide range of
shear rates ranging from the lowest experimentally accessible
shear rate (y = 0.01 s7!) to 7 = 10 s~!. Perpendicular and
parallel orientations coexist for y = y. = 20 s~!. Stable parallel
orientation (1(180°) > I(90°)) is obtained in a narrow range of
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Figure 5. Two-dimensional scattering patterns scattered at different shear rates in the radial and tangential configurations from the S;1BjoM7y/
toluene solution (C = 0.25 g/g). From top to bottom: 7 = 0.1 s™!, 7 = 20 s™!, and y = 30 s~L. The intensity is plotted on a logarithm scale.

shear rates above .. When the shear rate is further increased
(y > 40 s"), measurements become impossible because huge
normal stresses develop in the shearing cell, which lead to the
expulsion of the material out of the Couette cell.

To test the generality of this behavior, we have carried out
the same analysis for the S,4Bs;Mss/toluene solution (Figure
6b). According to the previous section, this copolymer forms
lamellae with the middle block in a bridge conformation. Again,
the orientation is predominantly perpendicular at low shear rates
and parallel at high shear rates. Both orientations coexist in the
vicinity of y. =15 s71.

I11.4. Defects and Disorder. The azimuthal plots /(®) shown
in Figure 7 present the variations of the scattered intensity with
the azimuthal angle ®. In this representation, the width of the
diffraction peaks reflects the angular distribution of orientations
in both the (V, @) plane (radial observation) and the (OV, @)
plane (tangential observation). The total intensity integrated over
a diffraction peak is proportional to the volume fraction of the
lamellae that satisfy the Bragg condition.

Let us first analyze the case of perpendicular orientation at
low shear rates (Figure 7a,a’). Since the meridian peaks in the
radial scattering pattern are remarkably sharp, we argue that
the lamellae are well oriented along the V direction with a very
narrow angular distribution. The peaks in the tangential scat-
tering pattern are much broader. This shows that the planes
containing the lamellae do not necessarily coincide with the

(V, OV) plane. Instead, they can be tilted with respect to  the %
direction. The normal to the lamellae is still in the (OV, @)
plane, but it makes an angle (@, 7) with the vorticity direction
(Figure 8a). This defect of orientation is responsible for a loss
of scattered intensity in the radial direction because only those
lamellae having a normal parallel to the beam contribute to the
scattered intensity. We note that the total intensity detected in
the tangential configuration (I, = 5 x 10°) is nearly twice the
intensity measured in the radial configuration (I; = 3 x 10°).
This confirms that the angle (@, 77) can take a broad range of
values. We have performed the same analysis when the shear
rate is increased from 0.1 to 10 s~!. The global orientation of
the lamellae and the overall shape of the scattering peaks do
not change dramatically. In the tangential plane, we note that
the integrated intensity increases when the shear rate is increased
from 7 = 0.1 s7' to y = 10 s7, indicating that the alignment
is somewhat perfected when the shear rate is increased.

Let us now turn our attention to the case of parallel
orientation at high shear rates (Figure 7b,b"). For y = 30 s71,
we detect some residual intensity in the radial plane due to the
persistence of lamellar domains in the perpendicular orientation.
The corresponding integrated intensity represents about 15%
of the integrated intensity detected for perpendicular orientation
at low shear rates. This shows that the parallel orientation is
far from being perfect and that it coexists with a significant
degree of perpendicular orientation. This is corroborated by a
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Figure 7. Azimuthal plots of the intensity vs the azimuthal angle in
the radial plane (Gv, ¢s) (graphs on the left-hand side) and in the
tangential plane (¢ov, ¢sz) (graphs on the right-hand side) for the
S11B1sM7p/toluene solution (C = 0.25 g/g). (a) and (a'): y = 0.1 s7!
(dashed line) and y = 10 s™! (full line). (b) and (b'): y = 30 s~ (dashed
line) and y = 40 s~! (full line).

close examination of the scattering patterns in the tangential
plane, which exhibits small meridian peaks at ® = 90° and
270°. The equatorial peaks at @ = 0° and 180°, which originates
from the diffraction by the lamellar domains in parallel
orientation, are fairly broad. This shows that the lamellae are
not perfectly parallel to the (V, @) plane and that they are tilted
with respect to the V direction, their normal in the (DV W)
plane being then inclined with respect to the vorticity direction
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a) b)

Figure 8. Schematic view of the dominant lamellar orientation at low
(a) and high (b) shear rates in the (V @) and (I:JV @) planes. The
layers of the lamellae are perfectly oriented along the V direction, but
they exhibit a fairly wide distribution of orientation in the @av, @
plane. The arrows indicate the direction of the X-ray beam.

(Figure 8b). We also note that the integrated intensity I; is
smaller than for the case of perpendicular orientation. This does
not necessarily suggest a smaller degree of alignment since the
number of lamellae satisfying the Bragg conditions is intrinsi-
cally limited by the curvature introduced by the Couette
geometry. Experimentally, we have observed that the quality
of alignment is worse when the shear rate is increased. At y =
40s7!, not only the fraction of lamellae in perpendicular
orientation increases, but an isotropic background contribution
appears. This suggests that the lamellar structure is destroyed
by the flow leading to shear-induced disordered state.

IIL.5. Lamellae Alignment upon Flow Cessation. We now
address the following issue: does the alignment persist upon
flow cessation, or does it subsequently evolve toward a different
state? To answer this question, we have compared the scattering
patterns detected under flow and at rest upon flow cessation.
For the perpendicular orientation obtained at low shear rates,
the scattering patterns (not shown) remained unchanged even
after the solution has been kept at rest for a long time (=103 s).
For the parallel orientation obtained at high shear rates, the
scattering patterns evolved significantly after flow cessation. This
is shown in Figure 9, where we compare the scattering profiles
I(®) measured under flow and at rest for y = 40 s~!. In the
radial plane, the meridian peaks associated with perpendicular
orientation decrease significantly whereas in the tangential plane
the equatorial peaks due to parallel orientation become higher
and sharper upon flow cessation. Moreover, the isotropic
scattering contribution observed under flow disappears at rest,
showing some reordering and reorientation of the fraction of
material disordered by the flow. The scattering pattern in the
radial plane reveals another noteworthy feature. Upon flow
cessation, a peak grows at @ = 180°, suggesting that some
fraction of lamellae is now in the “forbidden” transverse
orientation. Still it is difficult to estimate the volume fraction
of lamellae in transverse alignment from the integrated intensity
because the scattered intensity only reflects those lamellae
satisfying the Bragg conditions. In conclusion, the state of
alignment obtained after shearing at high shear rates is complex,
with a coexistence of lamellae in parallel, perpendicular, and
transverse orientations.

IIL.6. Reversibility of the Flip of Orientation. Remark-
ably, the flip of orientation between perpendicular and parallel
alignments that occurs when the shear rate is increased above
. is reversible: starting from a predominantly parallel alignment
just above y., the initial perpendicular orientation is recovered
when the shear rate is lowered below y.. The value of y. is
independent of whether the transition is approached from above
or below. However, the time scales involved and the underlying
mechanisms appear to be notably different. This is shown in
Figures 10a,b where we plot the time variations of the maximum
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Figure 9. Azimuthal plots of the intensity scattered under shear (dashed
lines) and upon flow cessation (continuous lines), in the radial plane
(v, ) (a) and in the tangential plane (¢ov, ¢z) (b). The solution is
the S1;B19Myg/toluene solution (C = 0.25 g/g). The shear rate is =
4057
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Figure 10. Transient behaviour of the maximum peak intensity at ®
= 90° (O) and ® = 180° (@) (tangential plane) and of the viscosity
when the shear rate is increased from 0.1 to 40 s~! (a, b) and decreased
from 30 to 10 s™! (c, d). The lines are guides for the eye. The data are
for the S;;B9Myo/toluene solution (C = 0.25 g/g).

intensity in the meridian peak (® = 90°) and in the equatorial
peak (@ = 180°) (both measured in the tangential plane) and
of the viscosity, when the shear rate is quenched from low 7 =
0.1 s71) to high values (y = 40 s~!) and reversely from high (y
=30s"1 tolow (y = 0.1 s71) values. In the former experiment,
we observe that the growth of the parallel alignment and the
disappearance of the perpendicular alignment occur concomi-
tantly. The orientation is predominantly parallel after only 300 s.
These variations of the scattered intensity and of the viscosity
suggest that the transition from perpendicular to parallel
orientation proceeds by a rotation of the lamellae from the initial
perpendicular alignment to the preferred parallel alignment. The
rotation of the lamellae is associated with a decrease of the
viscosity that reaches a plateau when the orientation has become
predominantly parallel. At longer times, the meridian intensity
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Figure 11. Flow curves of S;;B;sMyy/toluene solutions (@, O: C =
0.25 g/g; ¢: C = 0.30 g/g) and of a S,4B,Mss/toluene solution (inset,
C = 0.30 g/g). Open and full symbols refer to in-situ rheology mea-
surements and to off-line measurements, respectively. The arrows indicate
the shear rate where parallel and perpendicular alignments coexist.

increases again while the equatorial intensity decreases, which
indicates that the parallel alignment is progressively destroyed
by the flow as it has been discussed in the previous section.
The time variations of the scattered intensities and of the
viscosity are completely different when we start from a
predominantly parallel orientation and we lower the shear rate
below 9. (Figure 10c,d). Clearly, the intensity in the equatorial
peak instantaneously drops to its final value while that in the
meridian peak grows very slowly. Only after several thousands
of seconds its reaches a value close to that measured at steady
state for this particular shear rate. This strongly suggests that
the lamellae are first destroyed and that subsequently re-form
in the expected perpendicular orientation. The buildup of the
structure is followed by a gradual increase of the viscosity. In
conclusion, even though the flip of orientation around 7. is
reversible, it follows two different mechanisms: rotation of the
lamellae (perpendicular — parallel) or melting and buildup of
lamellae (parallel — perpendicular).

IILI.7. Bulk Rheology. In order to characterize more thor-
oughly the importance of the microstructure, we have conducted
a series of rheological measurements using both cone and plate
and Couette geometry. Figure 11 depicts the variations of the
steady-state viscosity vs the shear rate for different SBM
solutions. All the curves exhibit the same characteristic shape.
In the domain where perpendicular alignment is dominant, the
viscosity smoothly decreases as the shear rate is increased.
Interestingly, we note the absence of Newtonian plateau at the
lowest shear rates, indicating the presence of long relaxation
times. The decrease of the viscosity becomes slower as the shear
rate approaches the value y. at which perpendicular and parallel
orientations coexist. Above 9. shear thinning becomes more
pronounced. The coexistence is associated with the existence
of a kink point on the flow curve. At very high shear rates, the
solutions are expelled from the geometry, preventing measure-
ments in this shear regime. For the highest concentration (C =
0.3 g/g) investigated, this happens near 9., so that stable parallel
alignment is never observed.

IV. Discussion

IV.1. Characteristic Features of the Shear-Flow Align-
ment of Lamellar SBM Solutions. The existence of two
dominant states of orientation and the possibility to induce a
flip of orientation from perpendicular to parallel are globally
consistent with the results reported for diblock solutions
subjected to steady shear flows."''">° Despite this apparent
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similarity, however, there are fundamental differences that need
further attention. First, while in diblock solutions the parallel
orientation is generally preferred once it is reached for both
oscillatory and steady flow;'”'®2° in SBM triblocks we have
found that the lamellae switch reversibly between the parallel
and perpendicular orientations when the shear rate is increased
or lowered above or below a well-defined value .. At shear
rates comparable to y., we have observed the development of
a complex mixed orientation state characterized by a long-lived
coexistence of parallel and perpendicular orientations.

IV.2. Microscopic Mechanisms at the Origin of Perpen-
dicular and Parallel Alignments. The value of the shear rate
7. where the alignment flips reversibly between the perpen-
dicular and parallel orientations is of the order of the inverse
of the relaxation time of individual chains, which has been
determined by independent viscoelasticity measurements. This
shows that single chain dynamics plays an important role in
the selection of a particular state of orientation. The importance
of chain conformational distortions in the development of
destruction of lamellae with a particular orientation has been
identified and discussed in detail for the case of diblock
copolymers subjected to oscillatory shearing.'' The same kind
of arguments can be applied to our triblock copolymer solutions.
At low shear rates (y7 < 1), the lamellae adopt perpendicular
orientation because they have time to relax the deformation they
experience in the flow; they move freely in their layers, and
they are insensitive to vorticity effects. At high shear rates (y7
> 1), the chains are strongly stretched and oriented by the flow;
the perpendicular orientation is no longer stable, and the lamellae
switch to parallel alignment. This orientation is favorable
because the layers of the microstructure can slide relative to
each other, thus reducing the conformational distortions of the
chains. This argument is general, and it should apply whenever
the chain architecture permits the relative sliding of the layers.
It has been used to explain the parallel orientation observed in
diblock lamellae."*'>'* In pentablock copolymers where the
different layers are mechanically coupled, relative sliding of
the layers is not possible, and parallel alignment is never
observed.?*

In general, the relative sliding of lamellae in the parallel
orientation must occur through narrow interpretation zones
between polymer-like brushes forming the microdomains. These
zones contribute to transmit stress across the lamellae. For the
case of (diblock) melts, it has been predicted theoretically*® and
shown experimentally*” that the lamellae contract to resist the
entropic penalty associating with chain stretching. Such an effect
is not seen in our experiments where the lamellae spacing keep
its quiescent value within the experimental accuracy. It is not
sufficient however to have easy sliding of the layers to ensure
the stability of the parallel orientation. Real experiments in-
volve the presence of shearing surfaces that confine the material.
While the perpendicular orientation is relatively insensitive to
the presence of shearing surfaces, the parallel orientation does
not accommodate easily the small gap variations that are
associated with unavoidable mechanical imperfections of the
Couette cell. The number of layers must vary to remain commen-
surate with the gap thickness. This generates defects and
compressive stress that contribute to destabilize the parallel
orientation. We speculate that this effect can be at the origin of
the shear-induced disordering of the lamellae that is observed
at high shear rates. In that respect the occurrence and the quality
of the parallel alignment do depend on the type of solicitation
(oscillatory or permanent flow), on the strain amplitude, on the
geometry (Couette or cone and plane), and on the mechanical
quality of the shearing cell. Interestingly, we have observed that
normal stress effects and sample expulsion are less critical in
cone and plate geometry, allowing us to perform rheological
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measurements at higher shear rates than in Couette geometry.
The same effect could explain the absence of return to parallel
orientation at very low shear rates.

IV.3. Stability of the Perpendicular and Parallel Orienta-
tions. Even though the perpendicular and parallel orientations
are dominant at low and high shear rates, respectively, both
alignment states are affected by the presence of defects. The
perfection of the perpendicular alignment is significantly greater
than that of the parallel orientation. In the perpendicular
orientation, the layers of the lamellae are always perfectly
aligned with the velocity direction, but their normal, which lies
in the velocity gradient—vorticity plane, exhibits a fairly wide
angular distribution around the vorticity direction. This can be
explained by a shear-induced undulation instability of the
lamellae along the velocity-gradient direction or to the persis-
tence of a multigrain structure stabilized by specific defects.
Undulation of lamellae has already been reported for the case
of lamellar diblock solutions exhibiting perpendicular orienta-
tion.'® This was accompanied by a progressive destruction of
the perpendicular alignment, which is not seen here in triblock
solutions. In the parallel orientation, the lamellae also undulate,
but now the undulations are along the vorticity direction. More
importantly, a significant amount of lamellae in the perpen-
dicular orientation coexists with the dominant parallel alignment.
Increasing the shear rate does not improve the quality of the
parallel orientation but instead provokes a shear-induced
disordering of the lamellae, even at a moderate shear rate. The
disordering of the lamellae is associated with the appearance
of large normal stress effects leading to the expulsion of the
solution out of the Couette geometry. This considerably reduces
the range of shear rates where a stable parallel (though
imperfect) alignment state can be obtained.

IV.4. Origin of the Transverse Orientation. For diblock
copolymer melts, transverse orientation, which does not preserve
the long period, is generally associated with transient states®’
or with the presence of specific kink bands defects that act to
stabilize it.” On the other hand, it has been argued that a bimodal
parallel-transverse texture constitutes a route to parallel align-
ment at high frequencies because chains in either the transverse
or parallel alignment are not reoriented by the shear deforma-
tion.'" In our experiments, the transverse orientation appears
upon flow cessation. The fraction of disordered material
associated with shear disordering disappears, and simultaneously
a small amount of lamellae in transverse orientation is detected.
Recently, stable transverse orientation has been observed in
pentablock copolymer melts upon flow cessation®* and during
solution extrusion® under particular conditions. The existence
of transverse orientation relies on the existence of chains that
are strongly extended and aligned by the strong flow and that
template the growth of microdomains in transverse orientation.
The same mechanism must operate here for the case of SBM
copolymer solutions.

V. Concluding Remarks

The results of this study highlight the specificity of the
behavior of ABC copolymer lamellar mesophases subjected to
steady shear flow with respect to other block copolymer
mesophases. The application of steady flow induces the align-
ment of the lamellae along the perpendicular or parallel
directions depending on the shear rate intensity. The orientation
flips reversibly from one orientation to another when the shear
rates is increased or decreased above a characteristic frequency
wc given by the inverse of the single chain relaxation time. A
higher degree of ordering is reached for the perpendicular than
for the parallel orientation, where mesophases are progressively
destroyed when the shear rate is increased well above wc. This
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behavior is intermediate between that of diblocks, where the
parallel orientation seems to be favored, and that of pentablocks,
where the parallel orientation is not observed. Finally, it is
interesting to note that all these results have been obtained for
triblock solutions where long-lived transient states are absent.
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