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ABSTRACT: We use small angle neutron scattering to study the effect of shear on a polymer solution
(polystyrene, PS, in dioctyl phthalate, DOP) being in the entangled part of the semidilute regime, in a
large range of temperatures and shear rates. The scattering of the induced structure, in the first stages
of the flow effect, gives butterfly patterns, i.e., contours constituted of two lobes along the v direction. In
later stages, as the shear is increased at constant temperature or the temperature is decreased at constant
shear rate, the scattering becomes stronger, having greater dependence on q, and contours tend finally
to have an elliptical shape. This means that the objects created by flow are larger. The temperature
effect is not only due to the slowing down of the dynamics of the system at lower T, since after correction
of the latter, using a time-temperature superposition (determined using oscillatory low strain), the
influence of the vicinity of the cloud point on the flow-induced structure remains important. Conversely,
steady flow viscosity measured under the same conditions can be corrected using such time-temperature
superposition. Some of our results indicate that entanglements are not mandatory to obtain the butterfly
effect and that the shear effect can lead to irreversible demixing for solutions closer to the dilute regime.

1. Introduction

Recently, a renewed interest in the flow of complex
fluids has arisen, for which the use of optical and in
particular scattering techniques have been extended
from studies in the quiescent state. In the polymer field,
while the study of dilute solutions has taken place for
a long time, it appeared rather recently that semidilute
solutions (above the concentration c* of overlapping of
the chains) displayed surprising effects as seen by
rheooptical and rheoscattering techniques. Rheolight
techniques were developed by several groups in the
last years, meanwhile only a few experiments involved
small angle neutron scattering (SANS). We have ex-
tended the latter technique to a more complete study
of the most widely studied system (polystyrene in dioctyl
phthalate).

The mean goal of this paper is the investigation of
the shear rate and temperature dependence of the
shear-induced structure in semidilute polymer solutions.
A time-temperature superposition of rheological func-
tions (viscosity, normale force) indicates that the influ-
ence of the temperature on their macroscopic properties
comes from the longest relaxation time of the system
only. We show in this present study that it is not the
case for the structure visible by neutron scattering, the
approach of the demixing temperature at rest enhancing
the structuration.

This paper is partitioned in three large parts. After a
short recall of the basic characteristics of semidilute
polymer solutions in the quiescent state, we review in
the first part the principal experiments done using the
different techniques mentioned above. In the second
part, we present our own experimental results obtained
on three different solutions (the first one is in the
entangled part of the semidilute regime, the second one
is at the limit between the dilute and the semidilute

regime, and the third one is in the nonentangled part
of the semidilute regime) using rheometry and SANS
measurements. The last part of this paper is devoted
to a discussion where we consider the temperature
dependence of the shear effect and the type of objects
created by flow.

2. Background
We will recall below different experiments concerned

with solutions having an UCST-type phase diagram as
described by Daoud and Jannink.1 These solutions are
in the semidilute regime; the concentration, c, is greater
than c*, the overlap concentration (c* ) Mw/(4πNaRg

3/
3, where Na is Avogadro’s number and Rg denotes the
radius of gyration of one single chain). Depending on
the temperature, the quality of the solvent is different:
At sufficiently high temperatures compared to the Θ
temperature, they are in good solvent (region I in Figure
2); the concentration fluctuations are weak. Around the
Θ temperature, the solvent quality is not so good (region
II in Figure 2); the concentration fluctuations there are
a lot larger than in the good solvent regime. At low
temperature (for T < Tcl, Tcl being the demixing tem-
perature), the bad quality of the solvent induces a
demixing in solution (region III in Figure 2). The values
of Tcl as a function of the concentration define the
coexistence curve.

We will be concerned with solutions mostly in the Θ
solvent regime, for which c is slightly or definitely larger
than c*.

2.1. Flow-Induced Turbidity. It has been known
for almost 5 decades that flow can induce cloudiness in
a large variety of polymer/solvent systems. This behav-
ior occurs above a particular flow rate in many flow
geometries, e.g. in a tube (Poiseuille flow), in a cone and
plate cell, or in a Couette cell (laminar flow).

In 1974, Verstrate and Philippoff2 observed visually
the appearance of turbidity when semidilute solutions
of polystyrene (PS) in dioctyl phthalate (DOP) flow in a
capillary tube. In other words, the cloud point (demixing
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temperature threshold) looks shifted to higher temper-
ature. When increasing the shear flow the cloudiness
appears sooner for increasing molecular weight and
sooner for decreasing temperature, more precisely when

getting closer to the demixing temperature in the
quiescent state.

The influence of concentration seems less obvious but
shows a correlation with normal stress. The latter, for
a given flow rate, Q, shows a maximum as a function of
concentration. At this particular concentration, one
observes the largest shift of the cloud point (Tcloud(Q) -
Tcloud(0)), (Tcloud(Q) being the temperature of demixing
for a given flow rate). A review by Rangel-Nafaile et al.3
of many semidilute or dilute polymer solutions suggests
that flow-induced turbidity is a quite general behavior.
In some cases, this phenomenon is irreversible.

The theory of Verstrate and Philippoff, discussed in
more detail by Rangel-Nafaile, derives the shift of Tcloud
in a pseudothermodynamic approach. A flow term is
added to the Flory-Huggins free energy of mixing
between polymer and solvent. This new term corre-
sponds to some elastic energy stored in the chain upon
application of the shear which is proportional to the
normal stress in the framework of the elastic dumbbell
model. This theory gives a good approximation of the
demixing temperature for concentrations around the
overlap concentration c* but fails for higher concentra-
tions. In addition, it only takes into account the normal
stress, not the shear terms. Finally, this theory, obvi-
ously, does not describe the induced structure.

2.2. Shear-Induced Structure. More recently, new
models have considered possible flow-induced struc-
tures, prompted by new observations using light scat-
tering, microscopy, dichroism, birefringence, and rhe-
ology. All these experiments have been done with
laminar shear flow. The shear rate is considered as
being constant at constant deformation, although NMR
experiments have shown some discrepancies.4

Helfand and Fredrickson5 (HF) first proposed a theory
that predicts the scattering of a semidilute solution in
the plane containing the direction of the flow, v, and
the direction of the shear gradient, ∇v, in a low shear
regime. Their model is based on the idea that concen-
tration fluctuations, present in solution at rest, are
amplified by flow due to the fact that in less concen-
trated (thus less viscous) regions the displacement of
the chains is easier than in more concentrated ones. The
authors proposed that, due to flow, the chains could
migrate toward the concentrated zones and increase the
spatial fluctuations of concentration. Since a maximum
in the scattering function was observed experimen-
tally,6,7 modified models took into account the time (τr)

Figure 1. (a, a′) Setups used for SALS7,14-18 and SANS24-27

with the (v, z) detection plane. (b) Setups used for SALS7 with
the (v, ∇v) detection plane. (c) Setups used for WALS6,20,21 with
the (v, ∇v) detection plane.

Figure 2. Phase diagram of a nondeuterated (Mw ) 520 000)
(b) as well as a deuterated (Mw ) 572 000) (O) PS in DOP. τ
is the reduced temperature; τ ) (T - TΘ)/TΘ.
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necessary for the polymer to respond to flow.8 It has
been argued that the characteristic time for concentra-
tion fluctuations to develop over a size 1/q, τdev )
1/(Dcoopq2), has to be larger than this time τr. This
defines a maximum for q ) 1/(Dcoopτr)1/2. This idea has
been first proposed by Brochard and de Gennes in order
to describe fast and slow modes in polymer solutions.9
Other models were proposed by Doi et Onuki,10 Hel-
fand,11 and Van Egmond.12 A review of these different
theoretical approaches can be found in ref 13.

On the experimental side, many scattering stu-
dies6,7,14-21,24-27 have involved the PS/DOP system
because of its experimental advantages coming from the
relatively high viscosity and the nonvolatility of DOP
and the Θ temperature of the solution, which is around
room temperature. Experiments were done with a large
variety of molecular weights, concentrations, and tem-
peratures. Unfortunately, we will see that the various
experimental conditions make it difficult to compare the
different studies and to establish some general trends.
One important consequence of this variety is that the
shear rates reported by the different groups cannot be
classified in a common scheme. For instance, low (or
high) shear rate conditions as discussed below do not
correspond to the same shear rate for different experi-
ments.

Moreover, the different experiments involved different
ranges of momentum transfers, different setups as well
as different detection planes. They are represented in
parts a, a′, b, and c of Figure 1. Because of the
complexity due to the great variety of experimental
conditions, we feel the need to review briefly the
different experiments before presenting our results. We
have to distinguish between different kinds of tech-
niques which explore a large range of lengths, from the
macroscopic scale where the turbidity can be seen by
eye down to the scale of the polymer segment length.

2.2.1. Large Scales: Small Angle Light Scatter-
ing (SALS), Microscopy. Small angle light scattering,
used by Fuller et al.7,14 and Hashimoto et al.,14-18

investigates the very low q range (6.3 × 10-5 < q [Å-1]
< 3 × 10-4). Both groups used solutions in the entangled
part of the semidilute regime. We would like to point
out that these experiments were done with large mo-
lecular weight polystyrene (Mw > 106) around ambient
temperature. The solutions were sheared in different
types of shear devices.

For a cone and plate cell (Hashimoto et al.)14-18 or a
plate and plate cell (Fuller et al.),7 the laser beam goes
through the sample parallel to the shear gradient. The
scattering is detected in the (v, z) plane perpendicular
to it (v, being the direction of the velocity, z being the
neutral direction or vorticity direction) (Figure 1a).

For a Couette cell (Fuller et al.),7 the laser travels
between the two cylinders, parallel to their axis. In this
case, the detector plane is the (v, ∇v) plane (Figure 1b).

The SALS experiments of Hashimoto et al. have been
directly coupled with rheology measurements and mi-
croscopy.18 Three different regimes of shear rates have
been defined in the Θ temperature region.

(1) Below a threshold, noted as γ̆c, the viscosity, η,
and the first normal stress coefficient, ψ1 (ψ1 ) N1/γ̆2,
with N1, the first normal force difference, equal to σ11
- σ22, σii being the normal stresses), are constant when
plotted as a function of the shear rate. In terms of
Weissenberg numbers, γ̆ < γ̆c corresponds to Wi < 1.
Wi is a nondimensional parameter taking into account

the variation of the longest relaxation time of the
solution with temperature (Wi ) (τrγ̆), and τr is usually
defined as the point where η/ηo becomes significantly
lower than 1). In this regime, the light scattering does
not display any change: the two-dimensional pattern
is isotropic and identical to the one observed in the
quiescent state. Thus, no changes in the structure are
revealed in this regime, at least in the plane (v, z).

(2) Above γ̆c (corresponding to Wi ) 1), flow induces
changes of rheological properties: shear thinning is
visible on both the viscosity, η, and the first normal
stress coefficient, ψ1. The scattered intensity increases
in the v direction without any change in the z direction;
this is first visible on the total integrated intensities
along one direction, and at larger γ̆, also on 2D spectra.
The effect is seen as a “dark streak” in the z direction.
At about 10 times larger shear rates, the contours of
the scattered intensity display clearly a butterfly shape
with lobes along the v direction (symmetric with respect
to the z direction). This scattering has been interpreted
in terms of enhancement of concentration fluctuations
leading to regions more or less concentrated in polymer
which are oriented in some preferential directions
around the neutral direction z. A maximum of the
intensity at finite q indicates a periodicity of a few
microns of the induced structure. Such structure can
be visualized by microscopy. This suggests that the
contrast between regions rich and poor in polymer is
large, as in a system undergoing a phase separation.

For high shear rates γ̆ > γ̆a (corresponding to large
Wi in the investigated temperature range), rheological
anomalies such as a sudden increase of η and ψ1 are
observed, meanwhile the overall intensity increases
strongly and a long streaklike pattern appears in the z
direction. This is interpreted as long stringlike objects
(droplets) aligned parallel to the flow. This structure has
also been visualized by microscopy. It seems that the
droplets rich in polymer can be extremely elongated
without breaking (this seems to be observed also in
conditions of deep quench in the two-phase region19). It
also looks as if high concentrated regions which first
grew around the z direction at lower shear rate have
now tilted by 90°. However, butterfly patterns can be
present simultaneously with the light streak.17

Fuller et al.7 investigated scattering after onset and
cessation of the flow in about the same range of q but
in the (v, ∇v) plane. They observed anisotropic patterns
constituted of two lobes symmetric with respect to the
incident beam axis (q ) 0). As they start or stop the
flow, they observe that the axis joining the center of the
lobes rotates.

2.2.2. Wide Angle Light Scattering (WALS). Wide
angle light scattering has been used by Pine et
al.6,20,21 to investigate momentum transfers contained
also in the (v, ∇v) plane (i.e. as did Fuller7 et al. with
SALS at low q and at variance with Hashimoto et
al.14-18). Equal intensity contours are built from suc-
cessive measurements done at different angles between
the detector and the light beam, for different positions
of the beam with respect to the velocity vector (Figure
1c). Momentum transfers q are higher than for SALS
(5 × 10-4 < q [Å-1] < 3 × 10-3); hence WALS gives
structural information at lower length scale than the
experiments of Fuller et al.7

Dixon et al.6 first studied a polystyrene (PS) of Mw )
1.86 × 106 in DOP for Wi ≈ 1. In contrast to the
observations made at low q by SALS (see above), the
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scattered intensity becomes anisotropic for the smallest
shear rates. The contours have mostly the same shape
as observed at lower q in this plane: they consist of two
lobes symmetric with respect to the origin (q ) 0). Inside
each lobe, one observes a maximum at finite q.

For Weissenberg numbers smaller than unity (Wi <
1), this maximum appears at an angle â ) 45° (â being
the angle between the velocity and the q direction). The
peak rotates toward â ) 0° as Wi increases toward 1,
then becomes negative, and finally approaches â ) -45°
for higher Wi. This behavior is partially in agreement
with the model based on the enhancement of concentra-
tion fluctuations.5,8

The same group, using the same technique,20 per-
formed transient light scattering measurements upon
cessation of the shear with the same sample and showed
that the mechanism of enhancement of concentration
fluctuations selects only the slow mode of diffusion
(semidilute polymer solutions have two modes of diffu-
sion, the gel mode and the slow mode, as shown by
several authors9). This sheds more light on the origin
of the peak observed in the steady state as described
just above and which is discussed in the model of
Milner.8

Finally, Pine’s group investigated the high shear rate
regime.21 An increase of the intensity in all directions
for Wi . 1 appears superimposed on the low shear
signal with maxima along the y direction. Time depend-
encies of transient scattering measurements after ces-
sation or initiation of the shear allowed them to separate
the signal in two contributions: (1) a signal having a
peak at â ) -45°, similar to the signal obtained at
“moderate” Wi, which would be the response of the
concentration fluctuations, and (2) a signal responsible
for the maxima along the y direction. This last one is
very strong, and has a time evolution which is on a
longer scale than the first one. It is interpreted by the
authors as the result of a demixing process.

2.2.3. Dichroism and Birefringence. Dichroism
and birefringence measurements confirm results ob-
tained by SALS as well as by WALS and give additional
information.7,22,23

Scattering dichroism is sensitive to the orientation of
large objects. For weak shear rates, dichroism measure-
ments in the (v, z) plane7 show that concentration
fluctuations create predominantly concentrated domains
aligned parallel to the neutral direction (corresponding
to scattering along the flow direction). For higher shear
rates, the objects are oriented parallel to the flow.
Dichroism measurements in the (v, ∇v) plane7 indicate
that the concentrated domains orient and grow along
an axis at â ) -45° to the direction of flow (correspond-
ing to large scattering in the direction 45° in the
reciprocal space) in the range of low or moderate shear
rates.

Birefringence is sensitive to the local orientation of
the chain, which dominates the form effect here. Mea-
surements indicate that segmental orientations occur
along the flow direction at low shear rate. For higher
flow, corresponding to dichroism changes as well as
shear thickening, birefringence indicates a strong local
orientation along the flow direction. But the most
striking feature is its variation with time, which,
surprisingly, becomes erratic.

2.2.4. Small Angle Neutron Scattering (SANS).
Small angle neutron scattering is the third scattering
technique used, until now, only in the (v, z) plane

(Figure 1a′). This is the same plane as for the SALS
experiments of Hashimoto et al., but there is no overlap
with the momentum transfers q, accessible by SALS.

SANS gives structural information at a lower length
scale than light scattering. Hammouda et al.24 and
Nakatani et al.25 respectively explored the following
range of q: 3 × 10-3 < q [Å-1] < 1.3 × 10-2 and 8 ×
10-3 < q [Å-1] < 6.2 × 10-2. Previous experiments of
Boué and Lindner26,27 covered a range of q between 2 ×
10-3 and 2 × 10-1 Å-1. As we will see below, we extend
SANS studies to smaller q in the present paper.

Boué and Lindner26,27 investigated the low as well as
the high shear rate regime, using a polymer of lower
molecular weight than all the experiments mentioned
above. At low shear rates (for example T ) 22 °C and γ̆
) 6.8 s-1), they observed an anisotropy of the SANS
pattern, with an increase of the scattering in direction
parallel to the flow. As for the SALS experiments
described above (section 2.2.1), the shape of the pattern
resembles a butterfly which has its wings in the v
direction. The intensity parallel to the flow direction
increases for q < 1/ê1 compared to the intensity at rest
as the shear rate increases. ê1 is the correlation length
at rest obtained by fitting the scattering cross section
dΣ/dΩ as a function of q with an Ornstein Zernike law:

For q > 1/ê1, the intensity in the v direction is lower
than the scattering at rest. The shape of the pattern at
large q values then resembles an ellipse. This signals
that the chain appears stretched when observed along
the v axis. No change of the intensity in the perpen-
dicular direction is observed in either q range.

In a high shear rate regime, Boué and Lindner27

observed that the onset of turbidity in solution is
accompanied by a strong increase of the SANS intensity
in all directions at low q. This seems to mask the
butterfly shape in such a way that anisotropy is no
longer detectable in the contours. Such an isotropic
pattern is mostly in agreement with the results of
Hammouda et al.24 and Nakatani et al.,25 who studied
the scattering of PS/DOP solutions in the shear range
where solutions are indeed turbid. They observed a
strong increase of the intensity in all directions at low
q, the isointensity curves being isotropic or slightly
anisotropic.

2.2.5. Summary. This ensemble of experiments in-
dicates two regimes of flow-induced structure. First, an
anisotropic structure is created by flow even at low
shear (Wi g 1), at least at the relatively low length scale
accessible by SANS and WALS. The projection of the
objects on to the (v, z) plane orients preferentially
around the z direction and the projection of the objects
on to the (v, ∇v) plane orients along a direction â ) +45°
with respect to the flow direction for low shear rates.
Second, the situation is modified for larger shear rates.
On one hand, the effects extend to a larger length scale,
becoming visible by SALS, by microscopy, and finally
by eye. Thus, the cloudiness can be due to an anisotropic
scattering which itself is due to the flow-induced aniso-
tropic structure. On the other hand, it is not clear
whether the large shear structure is a consequence of
the low shear structure or of shear-induced demixing
(producing larger objects which in turn can have their
own anisotropic spatial correlations).

dΣ/dΩ(q) ) dΣ/dΩ(0)/(1 + q2ê1
2) (1)
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The different experiments are difficult to correlate
because of the differences in molecular weight, shear
rate, temperature, and concentration. It seems, how-
ever, thatsin addition to the stretching of chainssflow
creates an anisotropic structure on a low length scale
before structuration on a larger length scale appears.
Moreover, flow effects are still visible by SANS for high
shear rates (in the turbid regime). Neutron scattering
in conjunction with laminar flow thus gives us the
possibility to investigate a rather wide range of experi-
mental conditions (shear rates and temperatures) on
length scales where not a lot of information is available
in the literature. The experiments reported here keep
the same system as studied earlier.26,27 Additional
measurements on solutions with a different concentra-
tion or a different molecular weight will also be shown.

3. Experimental Section

3.1. Polymer and Solvent. Most of the rheology and
SANS measurements of this paper were performed with
the same system as the one previously investigated by
Lindner and Boué (called “solution 1” below). The
polymer is deuterated linear polystyrene (d-PS synthe-
sized by anionic polymerization). The molecular weight
obtained by size exclusion chromatography is around
Mw ) 572 000 g/mol (degree of polymerization ) 5107),
and the polydispersity (Mw/Mn) is 1.12. The solvent is
nondeuterated dioctyl phthalate (bis(2-ethylhexyl)-
phthalate, “DOP”, from Aldrich). Due to the replacement
of protons by deuterium in the PS chains, the Θ
temperature is not TΘ ) 22 °C, as determined for the
PS/DOP solution.28 We determined TΘ to be around 7
°C by measuring the second virial coefficient of a
concentration series in the dilute regime as a function
of the temperature (T ) TΘ when A2 ) 0) by WALS as
well as by SANS. Solution 1 has a polymer concentration
c ) 9% (c* ) 2.5%). The demixing temperature of our
d-PS/DOP solution 1, i.e., the cloud point, measured by
turbidity is Tcloud ) -6 ( 1 °C for this concentration.

Our experiments cover a large range of temperatures
between 2 and 50 °C, which includes the whole Θ
regime.

We also used a solution of the same polymer at a
lower concentration c ) 3.45% (called “solution 2”
below), closer to the concentration c*, in order to study
the influence of chain overlapping. We show (Figure 2)
the phase diagram of the deuterated (Mw ) 572 000) as
well as a protonated (Mw ) 520 000) PS in DOP.

Finally, we used “solution 3”, for which the molecular
weight is Mw ) 35 000, the polydispersity Mw/Mn ) 1.05,

and the concentration c ) 14%, in order to investigate
the purely nonentangled regime.

For comparison, we summarize in Table 1 the differ-
ent molecular weights, concentrations, and temperature
ranges used in our experiments as well as for those of
other groups.

3.2. Rheology. Rheology measurements were per-
formed on solution 1 in order to associate the macro-
scopic properties of the solution under shear with the
structural changes observed by SANS. The rheometer
is a Rheometrics RFS II, in cone and plate geometry.

We first measured the complex viscosity |η*(ω)|
(η*(ω) ) (G′′ - iG′)/ω, G′′ and G′ being, respectively, the
loss modulus and the storage modulus) as a function of
the frequency ω (in rad/s) at several temperatures T
(Figure 3 shows G′, G′′, and |η*(ω)| versus ω for T ) 22
°C). In these oscillatory measurements, the strain
amplitude is between 5% and 30%, depending on the
temperature, but is chosen to be low enough to remain
in the regime of low deformation. The fit of |η*(ω)| with
a Carreau law

gives access to the longest relaxation time of the system,
τr, for each temperature. The variations of |η*0| and τr

Table 1. Review of the Different Molecular Weights, Concentrations, Reduced Concentrations, and Temperatures
Investigated by Us and by Other Groups

Mw (g/mol) concn (% w/w) c/c* temp (°C) ref authors

5.72 × 105 9 3.6 1.7 < T < 50 present work
5.72 × 105 3.45 1.4 11 present work
3.50 × 104 14 2.4 4 present work
5.72 × 105 9 3.6 15 < T < 30 26, 27 Boué et al.
5.48 × 106 3, 6 20, 40 21 < T < 27 14-18 Hashimoto et al.
3.84 × 106 6 30 21, 22 14 Kume et al.
1.8 × 106 4 5 15 6 Wu et al.
1.86 × 106 4 5 15.3 20 Dixon et al.
1.07 × 106 4 2.5 15 21 Migler et al.
1.86 × 106 6 6 12 < T < 20 7, 14 Fuller et al.
1.0 × 106 6 3 15 < T < 40 23 Moldenaers et al.
1.8 × 106 6 6 15 < T < 40 23 Moldenaers et al.
4 × 106 6 35 15 < T < 40 25 Nakatani et al.
1.81 × 106 3 2 22 24 Hammouda et al.

Figure 3. Storage modulus G′ (×), loss modulus G′′ (+), and
complex viscosity |η*(ω)| (b), as a function of ω, at T ) 22 °C.
The dashed line is a Carreau fit of |η*(ω)|.

|η*(ω)| ) |η*0|(1 + (ωτr)
2)-n/2 (2)
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as a function of temperature follow an Arrhenius law
with about the same activation energy:

Knowing τr for all temperatures investigated in our
SANS experiments, we can calculate the Weissenberg
number (Wi ) γ̆τr) for the different (γ̆, T) conditions.

We then performed a second series of experiments,
applying steady shear to the solution in a large range
of shear rates and temperatures, under conditions
similar to our SANS measurements, apart from the fact
that the SANS experiments were done in a Couette cell.
Figure 4 represents the shear stress, σ12, as well as the
first normal stress difference, N1, for several tempera-
tures between 2 and 30 °C. For both σ12 and N1, the
plots as a function of Wi (calculated according to eq 4)
are superimposed for the different temperatures. They
define two master curves revealing the relevance of the
nondimensional parameter Wi in rheology.

The shear viscosities, η and η*, as a function of Wi,
have a similar profile for each investigated temperature:
29 for Wi < 1, the viscosities are constant, and for Wi >
1, the viscosities decrease as the shear rate increases
(non-Newtonian shear thinning). They, however, do not
precisely follow the empirical Cow-Merz law since the
decreasing part is more pronounced for η* than for η
(Figure 5).

The normal stress difference becomes nonnegligible
for Wi ≈ 0.1 and even dominant for Wi > 1. This well
displays the non-Newtonian response of this solution
under shear, due to the storage of elastic deformation.

We did not detect any shear thickening (increase of
η(γ̆)) at high Wi, at variance with refs 16 and 22. That
is to say, our measurements do not extend into the
regime of shear rates γ̆ > γ̆a, as defined by Hashimoto
et al.16 It seems, however, in Figure 5 that the shear
thinning for η(Wi) slows down for the highest Wi
investigated. This is a slight indication that shear
thickening could appear for Wi larger than 50 with our
solution 1.

In summary, both for oscillatory and for steady shear
measurements, Wi is the appropriate parameter for a
time-temperature superposition. Later in the paper, we
will check whether SANS measurements for different
T and γ̆ depend or not upon Wi as it does for the
mechanical functions.

3.3. SANS Experiments. Small angle neutron scat-
tering experiments were performed on instrument D11
of the Institut Laue-Langevin ILL, Grenoble, France.
The solution is sheared in a Couette cell made of quartz
glass.30 The inner cylinder (stator) has an outer diam-
eter of 47 mm and the outer cylinder (rotor) has an inner
diameter of 48 mm, giving a total effective sample
thickness of 1 mm. The regulation of the temperature
is done by circulation of water in compartments posi-
tioned inside the inner cylinder, on either side of the
beam path. The temperature is measured by a platinum
resistor (Pt 100). The condensation of humidity is
avoided by circulation of dry air around the Couette cell.
The neutron beam passes through the sample in the
direction parallel to the shear gradient and perpendicu-
lar to the flow direction (Figure 1a′). The scattering is
recorded in the (v, z) plane (with z being the neutral
direction), on a position sensitive multidetector at three
distances away from the sample (D ) 2.5, 10, and 35.7
m, the collimation distances being respectively 5.5, 10.5,
and 40.5 m). With wavelengths of λ ) 10 and 14 Å, the
effective range of momentum transfer (q ) 4π/sin(θ/2),
θ being the scattering angle) is 8 × 10-4 < q [Å-1] < 8
× 10-2. The neutron scattering intensity is normalized
with the scattering of a 1 mm thick water sample as
standard reference, measured in the Couette cell at a
distance D ) 2.5 m. All spectra are corrected for the
detector background and empty cell scattering. After
subtraction of the corrected solvent spectrum, we obtain
differential cross sections in v and z directions, dΣv/dΩ-
(q,γ̆) and dΣz/dΩ(q,γ̆), by radial integration respectively
over an angular sector of 30° around the v direction and
over an angular sector of 15° around the z direction. We
then plot them as a function of the momentum transfer
q. Two-dimensional contour patterns are also shown in
this paper. Their lines represent isointensity curves (a
curve closer to the beam stop corresponds always to a
higher intensity for these experiments). The indicated
values correspond to the logarithm of the differential
scattering cross section dΣ/dΩ (in the following also
denoted as “intensity”).

4. Results from SANS
We have chosen to describe the data starting from a

series done at constant temperature and show the

Figure 4. Shear constraints σ (empty symbols) and first
normal forces difference N1 (filled symbols) as a function of
Wi for a series of temperatures between 2 and 30 °C.

|η*(0)| ) 2.98 × 10-10 exp(7258/T) (3)

τr ) 1.28 × 10-12 exp(7311/T) (4)

Figure 5. η(ω) and η(γ̆) as a function of the Wi at a same
temperature (T ) 11 °C).
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dependence upon shear. We will then try to connect the
results to the dependence upon temperature in order
to test a time-temperature superposition. Finally, we
will report a few results for the other solutions, 2 (more
dilute) and 3 (not entangled).

4.1. Influence of Shear. Let us first consider a series
of measurements made at constant temperature T ) 22
°C. This temperature corresponds to the Θ-point of the
nondeuterated PS/DOP, which is about 15 °C above the
d-PS/DOP Θ-point. The shear rates used (12.5 < γ̆ [ s-1]
< 300, i.e., 0.9 < Wi < 23) are in the range where shear
thinning is observed by rheology (Figure 5); solution 1
is never turbid during these experiments. The two-
dimensional SANS patterns are anisotropic for all q.
Results are presented for the three detector distances
in Figure 6a-c.

We split the description into two q ranges.
4.1.1. At High q. We define this range by q > 1/ê1

(ê1 ) 53 Å at T ) 22 °C). In this range, only a slight
change of the scattering under shear compared to the
scattering at rest is visible. It leads to elliptical isoin-
tensity curves with the major axis of the ellipses along
the z direction (Figure 6a).

Correspondingly, the intensity in the v direction, dΣv/
dΩ(q,γ̆), is lower than the intensity at rest, dΣ/dΩ(q,γ̆
) 0), for all shear rates, indicating an elongation of the
chains in this direction.

The intensity in the z direction dΣz/dΩ(q,γ̆) remains
the same as dΣ/dΩ(q, γ̆ ) 0): the neutral direction in-
deed corresponds to no deformation, as reported be-
fore.26

4.1.2. At Low q. For q < 1/ê1, the changes with
respect to the scattering at rest are more pronounced,
as can be seen in Figure 6c (γ̆ ) 300 s-1, Wi ) 22.3). In
contrast to the high q range, the intensity under shear
is stronger than the one at rest for all q directions,
except the case of very low shear rates, where the
intensity in the z direction does not sensibly vary
compared to the scattering at rest.26 The effect of shear
can be seen by comparing Figure 6c (300 s-1) with
Figure 7 (γ̆ ) 125 s-1, Wi ) 9.3), which cover the same
range of q. In both spectra, the isointensity curves
resemble a butterfly with two elliptical lobes having
their major axis parallel to the neutral direction z and
their centers on the v axis. As the shear rate is increased
(comparing Figure 7 with Figure 6c), the q range where

the butterfly anisotropy is present seems to be shifted
toward smaller q.

In the two preferential directions previously defined,
this feature corresponds to (i) an increase of dΣv/dΩ-
(q,γ̆) with the shear rate along the flow direction.
Toward lower q, the intensity shows a steep upturn and
then a plateau in the very low q range in the direction
parallel to the flow (Figure 8a). This is confirmed by an
experiment done at λ ) 14 Å, also shown in Figure 8a.
We can decompose dΣv/dΩ(q,γ̆) as a sum of a Lorentzian
at large q, with a correlation length ê2 slightly larger
than ê1 (measured at rest), plus either a Lorentzian (cf.
eq 1) with a new correlation length, ¥Lor, or a Debye-
Bueche function (squared Lorentzian),

with a new correlation length ¥Deb ) ¥Lor/2 at low q. A
better fit is indeed obtained with the Debye-Bueche
function for the high q range. We therefore give in Table
2 the results for ¥Deb and dΣv/dΩ(0, γ̆) following from
eq 5.

The butterfly anisotropy also corresponds to (ii) an
increase of dΣz/dΩ(q,γ̆) with shear rate. Let us note that
dΣv/dΩ(q,γ̆) > dΣz/dΩ(q,γ̆) in this q range for all applied
shear rates. The low q upturn does not show any plateau
in this low q part (Figure 8b): the variation of dΣz/dΩ-

Figure 6. Contour plots of two-dimensional scattering patterns obtained at D11 (λ ) 10 Å) with the sample detector distances
D ) 2.5 m (a), 10 m (b), and 35.7 m (c), at a shear rate γ̆ ) 300 s-1 and temperature T ) 22 °C. The indicated values are log-
(dΣ/dΩ). The beam stop (rectangular shape at the center of the patterns) is bigger at 35.7 m; this is due to the normalization by
water scattering measured at 2.5 m.

Figure 7. Contour plots of the two-dimensional scattering
patterns obtained at D ) 35.7 m (λ ) 10 Å), at a shear rate γ̆
) 125 s-1 and at a temperature T ) 22 °C. The indicated
values are log(dΣ/dΩ).

dΣ/dΩ(q,γ̆) ) dΣ/dΩ(0,γ̆)/(1 + q2¥Deb
2)2 (5)
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(q,γ̆) follows an apparent power law q-R. We do not
consider this power as the sign of a fractal structure
since it is only observed over one decade of q. However,
for the sake of simplicity, we will use R to quantify the
variation at low q in the forthcoming discussion. For
this series of experiments at T ) 22 °C, R increases
linearly with Wi from 0.1 to 1.5. This can be due to an

increase of the sharpness of the surface between differ-
ent zones.

We interpret the signal in the z direction, which is
the neutral direction as far as macroscopic flow is
concerned, as a sign of the nonlinearity of the response
of the system. In some cases, flow instabilities may have
the same consequences, but the increase of the intensity
in the z direction appears at relatively low shear rates,
far below the shear rates where we observe Weissenberg
instability in the Couette cell and far below the shear
rates inducing anisotropy by SALS. This feature could
be a sign of the demixing in the solution or related to
the normal forces present in such systems as previously
mentioned. Let us recall that observations with the
same solution at lower shear rates (γ̆ ) 6.8 s-1, at T ≈
22 °C)26 show an initial regime with no changes in the
dΣz/dΩ(q,γ̆).

4.1.3. Experimental Limitations for High Shear.
Experiments at shear rates higher than 300 s-1 for T
) 22 °C could not be performed because of the onset of
Weissenberg instabilities: we recall that the Couette
cell is open at the top and has a free meniscus, i.e., the
liquid-air interface is mechanically not confined. Above
some critical shear rate, the fluid will rise up the gap
due to normal forces. Voids in the form of bubbles, which
become strongly elongated along the flow direction, are
progressively created and the solution will finally
overflow out of the container. The scattering volume is
thus becoming inhomogeneous and makes a quantita-
tive data treatment impossible.

4.2. Influence of the Temperature. In a second set
of experiments, we observed the same sample in a large
range of temperatures, between 2 and 50 °C. Let us first
consider a series of experiments made at constant shear
rate γ̆ ) 165 s-1 in a narrow temperature range, 14.7
°C < T < 25.4 °C, i.e., relatively close to T ) 22 °C. We
will see that the trends observed at these temperatures
can be extended to a larger range of T and γ̆, as shown
in the next section.

For γ̆ ) 165 s-1, the butterfly shape at a detector
distance D ) 35.7 m is visible for all T between 14.7
and 25.4 °C; this corresponds to Wi between 9 and 23.
However, we observed that the lobes move toward lower
q values as the temperature decreases (Figure 9). This
behavior is qualitatively the same as the one obtained
at constant temperature and increasing shear rates
(Figures 6a and 7). It can also be seen by comparing
the plots representing dΣv/dΩ(q,γ̆) and dΣz/dΩ(q,γ̆)
versus q for the two sets of experiments, i.e., Figures
8a,b (constant T, variable γ̆) and 10a,b (constant γ̆,
variable T).

However, for a given Wi, the scattering still depends
on T. This is seen in figures 9a and 6c, both correspond-
ing to Wi ≈ 23: the butterfly shape shows up only at
very low q for T ) 14.7 °C, while it is present at all q
for T ) 22 °C. We reach here an important point of this
paper: the parameter Wi is not sufficient to relate the
variation of scattering with shear rate; in contrast to
rheology, there is no time-temperature superposition
as far as scattering is concerned. At lower temperature,
the change from butterfly to elliptical shape occurs
sooner, i.e., at a lower Wi.

4.3. Generalization for a Large Range of Tem-
peratures and Shear Rates. We have extended our
SANS measurements to a series of lower temperatures
(2 < T [°C] < 11). We observe that there is always a
range of shear rates where the two-dimensional SANS

Figure 8. Coherent differential scattering cross section dΣ/
dΩ (cm-1) as a function of the momentum transfer q at T )
22 °C and several shear rates: γ̆ ) 75 s-1 (+), γ̆ ) 150 s-1 (3),
γ̆ ) 225 s-1 (]), γ̆ ) 250 s-1 (b) and γ̆ ) 300 s-1 (×), in the v
direction (a) and in the z direction (b). b corresponds to an
experiment done with λ ) 14 Å (only dΣv/dΩ is shown for this
particular configuration). The full line is the Ornstein-Zernike
fit of dΣ(γ̆ ) 0)/dΩ for T ) 22 °C.

Table 2. dΣv/dΩ (cm-1) at q ) 0 and Correlation Lengths
¥Deb Obtained by Fitting Curves of Figure 6a with the

Debye-Bueche Function

shear rate (s-1) dΣ/dΩ(0) (cm-1) ¥Deb (Å)

12.5 13 117
75 221 250

150 454 269
225 973 276
300 3206 353
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patterns change from a butterfly to an elliptical shape.
Figure 11, showing patterns obtained at three different
shear rates and at T ) 3.5 °C, is a good illustration of
this feature. Let us note the particularly low values of
shear rates involved in this measurement.

For the low-temperature measurements (Figure 12),
no flow-induced correlation lengths, ¥Deb, can be ex-
tracted in the v direction (see in contrast section 4.1.2);
i.e., there is no plateau at low q. This indicates again
that the scattering is shifted toward lower q as the
temperature decreases. We could, however, study the
evolution of the scattering as a function of Wi in the
perpendicular direction by looking at the variation of
the exponent R defined above. We report in Figure 13
the values of R as a function of Wi for all temperatures
investigated. We can note that R increases linearly with
Wi for a given temperature, but faster and faster with
respect to Wi as the temperature decreases (as seen
from the results at T ) 22, 11, and 3.5 °C). No value
higher than 3.4 was obtained, because the onset of flow
instabilities and the creation of bubbles made an exten-
sion of the study impossible at larger Wi for each
temperature investigated.

Let us note that the anisotropy already appears at
Wi < 1 for the lowest temperatures. In the literature,
changes happening at Wi < 1 have been reported in
WALS experiments but not in SALS.

Finally, no irreversibility was observed after cessation
of the flow in the whole range of investigated temper-
atures, at least in the time range of our experiments
(few minutes).

4.4. Influence of the Entanglements and the
Approach of the Dilute Regime. We present here
some results for two other polymer solutions.

4.4.1. Solution with No Entanglements. One pos-
sible origin of the anisotropic scattering is entangle-
ments. They are an ingredient of the theory for the
maximum observed in the light scattering regime.6
Depending on how many blobs are necessary to form
an entanglement, our solution 1 can be considered as
more or less entangled. Anyhow, it is interesting to
study a solution of d-PS of small molecular weight in
DOP (Mw ) 35000, c ) 14%, named solution 3) in which
we are sure that the chains are overlapped but are too
short to create entanglements.

Figure 14a-c represents SANS patterns observed at
D ) 10 m for a series of shear rates at T ) 4 °C. They
definitely show that butterflies are also present for
nonentangled semidilute solutions. We observe the same

dependence for the onset of the scattering anisotropy
with shear rate and temperature as described for
solution 1: the anisotropic scattering appears at lower
γ̆ as T decreases. We cannot calculate the corresponding
Wi values since we do not observe any shear thinning
in rheology. However, contrary to the observations made
with solution 1, dΣz/dΩ(q,γ̆) remains unchanged as the
shear rate increases. This can be due to the fact that
the chains are not entangled, but it would be necessary
to perform other experiments, involving lower temper-
atures or higher shear rates to confirm this observation.
In summary, entanglements at rest are not mandatory
for a butterfly-like structure.

It is also interesting to note that, with solution 3, the
butterfly effect appears at higher q than with solution
1. This could be linked to the dependence of the
correlation length at rest with concentration (ê1 ≈ c-3/4).
The scattering of a solution at rest is shifted toward
larger q for high concentrations.

Finally, no irreversibility was observed when the
shear was stopped.

4.4.2. More Dilute Solution. As an approach of the
dilute regime, we present here SANS measurements on
a solution with the same polymer as solution 1, but at
lower concentration (Mw ) 572 000, c ) 3.5%, named
solution 2), at the boundary between the dilute and the
semidilute regime.

Anisotropic SANS patterns have also been obtained
with this solution. We find qualitatively the same
behavior as with solution 1. A study at constant tem-
perature (T ) 11 °C) and increasing shear rates (Figure
15) shows the evolution of the patterns from a butterfly
shape to an elliptical shape for shear rates between 250
and 3100 s-1. The corresponding Weissenberg numbers
are approximately Wi ) 40 and 100. These Wi are
higher than the ones used with solution 1. We did not
investigate the different shear effects with this solution
as systematically as with solution 1. Nevertheless, we
can deduce from our results that higher Wi are neces-
sary to obtain an effect with solution 2 as compared to
solution 1.

In addition, as a new but still unexplained result for
semidilute solutions, we found that high shear rates
leading to elliptical patterns induce irreversible struc-
tural changes in the solution, at least on the time scale
of a day. This feature can be related to the high Wi
values used. The fact that with solution 2 we can reach
such high Wi might be explained by the lower first
normal stress difference for the same Wi compared to

Figure 9. Contour plots of two-dimensional scattering patterns obtained at D ) 35.7 m (λ ) 10 Å), at shear rate γ̆ ) 165 s-1 and
several temperatures T ) 25.4 °C (a), T ) 16.5 °C (b), and T ) 14.7 °C (c). The indicated values are log(dΣ/dΩ).
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solution 1. Another explanation for this irreversibility
might be that demixing is easier at lower concentration.
It is interesting to note that flow-induced permanent
demixing has been already observed for a highly dilute
polymer solution, though in this experiment no but-
terfly-like anisotropy was observed.32

4.5. Summary. From this whole set of experiments,
we can deduce that a combination of temperature and
shear rate induces an anisotropic enhancement of
scattering. The resulting isointensity contours have the
shape of a butterfly. A decrease of the temperature is
qualitatively equivalent to an increase of the shear rate;
both shift the scattering toward lower q; a further
increase of the scattering is observed as the temperature
approaches the phase separation at rest for a given Wi.
Such changes cannot be related to the parameter Wi
only, as seems to be the case for the mechanical
functions.

Two effects might increase the scattering in the (v, z)
plane: (1) enhanced concentration fluctuations in the
direction of flow would lead to a large scattering in the
v direction (this is what we observe for the lower shear
rates investigated) and (2) demixing, conversely, would
lead to a large scattering in all directions. We do not
have access to the ∇v direction by SANS, but the large
scattering that we observe in the z (or neutral) direction
could result from a demixing process.

5. Discussion

Most of the discussion will be devoted to the type of
objects and the temperature dependence of the shear-
induced effects observed by SANS with solution 1.

5.1. From Scattering to Direct Space: Which
Objects? 5.1.1. The High q Range. We discuss very
briefly the high q range, which we define as correspond-
ing at rest to the inside of the chain. Its observation is
indeed possible only at scales at which the chains are
not interpenetrated, i.e., at q > 1/ê1. Under shear, dΣv/
dΩ(q,γ̆) decreases, while dΣz/dΩ(q,γ̆) remains equal to
the signal at rest. A simple explanation is that under
shear we still see the inside of the chain and, therefore,
a similar deformation to the ones already observed in
polymer melts31 and dilute solutions:32 the v direction
is the projection of an axis of elongation (at least viewed
in our (v, z) plane) for the chain, meanwhile the z
direction is neutral.

Similar anisotropy could arise from “objects” seen as
regions with a different polymer concentration compared
to the surrounding medium. Those could be individually
deformed by shear in the range 1/ê2 < q < 1/ê1. At q >
1/ê1, it would mean, however, that the chains are more
interpenetrated than at rest, a result which we do not
expect from shear deformation.

5.1.2. The Low q Range. On the length scale
corresponding to low q, shear leads to structural changes
in the solution which may be described as some new
scattering objects. From the different data (variation of
temperature and shear rate), we can distinguish three
cases.

(i) At the first stage of the shear effect (at low shear
rate and ambient temperature), the variation of the
intensity with q in the z direction remains weak (flat
asymptote toward q f 0). Meanwhile, in the v direction,
the scattering already increases softly when q f 0 in
such a way that no correlation length can be deduced.

Contours. The intensity levels found along v do not
exist along z; therefore, the isointensity curves degener-
ate in q ) 0 within a large “dark sector” around the z
direction. We will call this result a large indentation,
or a narrow waist. On the contrary, the variation with
q is limited to a sector along v; therefore, the lobes are
very elongated.

Picture of the System. At this stage, one can
imagine that the solution is a homogeneous medium,
i.e., made of a single liquid phase, with larger spatial
concentration fluctuations along the flow. More exactly,
the projection of the concentration fluctuations on the
(v, z) plane is larger in the v direction. One has a first
class of objects with an elongation of the chains in the
flow direction, leading to an enhancement of concentra-
tion fluctuations in this direction. To the first degree of
analysis, this effect can be well described by two
different models: (1) the very qualitative picture of
greater spatial separation of less deformable zones along
v,31 extended to the case of viscous flow, and (2) the more

Figure 10. Coherent differential scattering cross section dΣ/
dΩ (cm-1) as a function of the momentum transfer q, at γ̆ )
165 s-1 and several temperatures: T ) 14.7 °C (O), T ) 15.5
°C (×), T ) 16.4 °C (3), T ) 17.5 °C (+), and T ) 25.4 °C (]),
in the v direction (a) and in the z direction (b). The full line is
the Ornstein-Zernike fit of dΣ(γ̆ ) 0)/dΩ for T ) 22 °C.
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rigorous approach of Helfand and Fredrickson,5 which
includes a complete mathematical derivation.

Effectively, both approaches predict no change in the
z direction, since no deformation is applied in this
direction.

According to these models, due to an increase of the
fluctuations at rest and at temperatures close to phase
separation, the system should then be more sensitive
to shear. The calculated expression of the Helfand-
Fredrickson model actually predicts a divergence of the
scattering, which is close to what we observe at lower
temperature.

(ii) A second stage of the shear effect is seen for large
shear rates around room temperature as well as for low
shear rates at low temperature.

At large q in the v direction, it seems that we find a
similar elongation as observed at the first stage of the
shear effect (i). At lower q, however, in the v direction
the scattering is significantly enhanced, which could be
interpreted as much larger fluctuations, with a new
apparent correlation length ¥Deb of a few hundred
angstroms. The best fit of dΣv/dΩ(q,γ̆) is obtained with

the addition of two functions (cf eq 1 and 5): a Lorent-
zian function and a Debye-Bueche function.

The correlation lengths, denoted ê2 and deduced from
the Lorentzian fits, are on the same order of magnitude
as ê1 obtained for the solution at rest, with a slight
increase of ê2 as the shear rate increases. Let us note
that a Lorentzian function is flat at low q.

A Debye-Bueche Function describes the strong in-
crease of the intensity at low q and the following plateau
at very low q. The shape of this second function, in the
low q range, together with the progressive increase of
the slope R in the z direction, suggests that some more
compact objects are created under shear. However, so
far we do not have any indication about the size of these
objects in the z direction.

Contours. Corresponding to the behavior of the
radially averaged scattering along a given direction, the
shape of the contours changes progressively at this stage
of the shear effect: it becomes less elongated along v
(the intensity varies faster with q compared to the first
stage of the effect (i)) and the indentation is less marked
(wider waist) along the z direction because d∑z/dΩ now
varies with q in contrast to the first stage (i).

Picture of the System. Both the possibility of
decomposition of the scattering along v in two contribu-

Figure 11. Contour plots of the two-dimensional scattering patterns obtained at D ) 35.7 m (λ ) 10 Å), at T ) 3.5 °C and
several shear rates γ̆ ) 0.27-1 s-1 (a), γ̆ ) 0.89-1 s-1 (b), γ̆ ) 2.95 s-1 (c).The indicated values are log(dΣ/dΩ).

Figure 12. Coherent differential scattering cross section dΣv/
dΩ (cm-1) as a function of the momentum transfer q, at γ̆ )
0.25 s-1 and several temperatures: T ) 3.4 °C (O), T ) 2.3 °C
(×), T ) 2.0 °C (3) and T ) 1.7 °C (+).

Figure 13. Exponent R as a function of Wi for a large range
of temperatures between T ) 2 and T ) 50 °C.
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tions and the increase in scattering along z disagree
with the picture of a simple spatial separation as well
as with the HF model. We have left their domain of
validity, and other processes occur.

(iii) The third stage of the shear effect is visible mostly
at low temperature.

The increase of the intensity is now very strong in
both directions, z and v.

In the z direction, the slope R becomes as high as 3.4.
Let us recall that Porod’s law is in q-4. Values lower
than 4 are often attributed to slightly fractal-like
surfaces or to polydispersity effects. However, values of
3.4 or close to 4 suggest also that the objects are very
compact in the z direction.

The signal in the v direction is comparable to the one
along z but with no definite slope in the explored q
range.

Contours. Under these conditions, the contours
display a third type of shape. In most of the detector
area, they are slightly elliptic with the larger axis along
the z direction. Only a very faint indentation remains
at the lowest q values. Thus, if present, the butterfly
type correlations are centered at lower q. From this
shape, one can conclude a grain coarsening of the
structure. In some cases (Figure 9c), the envelopes of
the butterflies (at larger q) have a pronounced elliptical
shape: this can be due to the fact that the individual
objects are elongated along v or that short scale inter-
object correlations undergo elongation along v.

Picture of the System. Since no correlation length
can be extracted from the data in both directions in the

range of q available by SANS, we can suppose that the
compact objects created are larger than 500 Å. As we
will see in section 5.2.1, at this stage of the shear effect,
these objects are not visible by SALS and therefore do
not exceed the size of about 1 µm.

Nevertheless, even if the scattering is dominated by
objects having a particular size, it is possible that other
scatterers are present in solution. There could be a
coexistence of objects of different sizes, or even of
compact objects together with concentration fluctua-
tions. This would explain why the intensity at interme-
diate and large q under shear and in both directions v
and z (apart to the anisotropy due to chain elongation)
never decreases significantly in our SANS measure-
ments compared to the signal at rest. Indeed, if the
objects were growing in size at constant volume fraction,
their contribution to the cross section would increase
at small q (below the accessible values) and decrease
at larger q: their scattering would eventually vanish
in the accessible q window.

The butterfly patterns seem now to be due to aniso-
tropic correlations between large objects, which may be
some droplets with higher polymer concentration. Though
the type of diffusing objects seems different for low shear
(fluctuations, Figure 9a) and for large shear (droplets,
Figure 9b), similar anisotropic patterns are observed
due to stronger correlations along the v than along the
z direction in both cases. Depending on the experimental
conditions, such a butterfly shape is observed in our
study in different q windows.

Figure 14. Contour plots of the two-dimensional scattering patterns obtained at D ) 10 m (λ ) 10 Å), with solution 3 (Mw )
35 000, c ) 14%), at T ) 4 °C and at several shear rates γ̆ ) 250 s-1 (a), γ̆ ) 500 s-1 (b), γ̆ ) 1460 s-1 (c).

Figure 15. Contour plots of the two-dimensional scattering patterns obtained at D ) 35.7 m (λ ) 10 Å), with solution 2 (Mw )
572 000, c ) 3.45%), at T ) 11 °C and several shear rates γ̆ ) 250 s-1 (a), γ̆ ) 500 s-1 (b), γ̆ ) 1645 s-1 (c).
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5.1.3. Volume Fractions and Contrast. A good
characterization of the objects present in the solution
would imply the knowledge of their size, their number,
and their composition. We have remarked above that,
if the size R of compact objects grows at constant volume
fraction, the Porod or Debye-Bueche law predicts a
signal proportional to the specific area which decreases
at q > 1/R. Compared to the intensity at rest, we do
not observe any decrease in the intermediate q range.
It is indeed possible that objects, when seen as regions
of higher concentration, become more numerous. There
can also exist a distribution in sizes between the big
objects and some new smaller ones, simultaneously
formed under shear.

The composition may also depend on the flow condi-
tions. Knowing that scattering objects are regions rich
or poor in deuterated polymer, we can estimate some
combination of the contrast and the volume fraction, for
the simple case of a random diphasic system. SANS
allows us to obtain the scattering cross section in
absolute units. It can then be written as follows33

where φ is the volume fraction of one phase, ¥ is the
correlation length, and Keff

2 is the contrast between the
two phases, of polymer volume fraction φrich and φpoor,

Kmax
2, the contrast between pure polymer and pure

solvent, is known. For any case where we can determine
both dΣDB/dΩ(q ) 0) and ¥, we can obtain the product:

The right-hand side of the latter equation is equal to
-(δφrichδφpoor) from the conditions of conservation of
polymer mass.

We can take as an example from the third line of
Table 2, dΣDB/dΩ(q ) 0) ) 3206 cm-1, and ¥ ) 343 Å.
We find Keff

2φ(1 - φ) ) 3 × 1018 cm-4. As Kmax
2 ) 32.4

× 1020 cm-4, the quantity (δφrichδφpoor) is close to 10-3.
In a symmetric case, this would give (δφrich ) δφpoor)
around 3%, i.e., two phases of (9 - 3) ) 6% and of (9 +
3) ) 12%, therefore being in the semidilute regime. On
the contrary, if we adopt the hypothesis that the
decomposition in two phases follows the coexistence
curve obtained at rest (Figure 2; note that this assumes
a shift of the cloud point independent of the concentra-
tion, which was not observed by Verstrate and Philip-
poff), we can assume that the poor phase will be around
a few percent, e.g. 2% (in the dilute regime). The
enrichment of the rich phase, δφrich, will then be around
1.4% (φrich ≈ 10.4%), which is a realistic value. In this
case, the volume fraction of the polymer rich phase is
around 84%. This would mean that the continuous
phase is the rich one, with “pores” of lower concentration
inside.

Such estimates can only be done if the fit of the low
q regime with a Debye-Bueche function is possible, as
for the results given in Table 2. For larger shear, neither
¥ nor the zero q limit of dΣ/dΩ(q) can be determined as
we observe an increase for both; it seems, however, that
the ratio dΣDB/dΩ(q ) 0)/¥3, and therefore the effective
contrast, may not change by a huge factor.

5.1.4. Time-Temperature Superposition. After
renormalization of the shear rate by the terminal time
at each temperature, using the parameter Wi, we see
that the scattering is more and more sensitive to shear
when the temperature is lowered (cf. section 4.3).
Knowing TΘ ≈ 7 °C and Tcloud ≈ -6 °C, it seems that
this increased sensitivity is driven by the approach of
the coexistence line (note that the difference between
Θ and Tcloud is still large for our molecular weight
(572 000), but it could be smaller for larger molecular
weights). As the coexistence line is approached, for the
same shear rate, larger and more compact objects are
created.

We can assume two different origins for the large
objects: (i) either enhancement of the concentration
fluctuations diverge finally and transform into a phase
separation (ii) or, as in the theory of Verstrate and
Philippoff, the deformation of the chains induces a
change in the free energy of mixing which itself induces
a phase separation at T > Tcloud. Let us note that, if
phase separation is triggered separately, the structure
of the solution should in turn be deformed by shear. This
deformation could lead to butterflies.

Option i is the simplest, since it involves only one
process, which can perfectly diverge (this is predicted
by simple mean field theory, as in the HF model). Option
ii is possible; it should in principle produce an abrupt
change at a given temperature. This is not observed. If
we examine a set of data at constant Wi, we see no
abrupt transition for decreasing temperatures.

5.2. Connection with Light Techniques. As fore-
cast above, comparison with experiments using light
(see section 1) is difficult, because of the many differ-
ences coming from the solution itself (TΘ point, tem-
peratures, molecular weights, and concentrations, lead-
ing to unknown values of τr and Wi) and from the
geometry of the experimental setups (detection plane,
q range).

5.2.1. Comparison with SALS. First of all, the more
marked similarity is the shape of the butterfly patterns
in the (v, z) plane as obtained with SANS as well as
SALS. For SALS, the interpretation of such anisotropy,
in terms of either concentrated zones inside region of
less concentrated or droplets being preferentially cor-
related along the vorticity direction at low shear rates,
is close to the one given for SANS.

A precise comparison between SANS and SALS
techniques is possible with the preliminary SALS
measurements which we performed on solution 1 in
collaboration with the group of Richtering (U. Freiburg,
Germany), using a cone and plate cell (a description of
this apparatus can be found in ref 34).

Our first observation is that no changes with respect
to the scattering at rest are visible by SALS, even in
the range of (γ̆, T) conditions where we observed the
strongest SANS effects (indicating that SANS has a
good sensitivity on a length scale below the one of
SALS). Since high shear rates could not be obtained
with this rheometer, the temperature had to be lowered
into a range close to Tcloud in order to observe butterfly
patterns, e.g. T ≈ -5 °C, for γ̆ ) 30 s-1, Wi ≈ 27, or T
≈ -7 °C, for γ̆ ) 10 s-1, Wi ≈ 11. Though the solution
was always clear at rest, a strong turbidity became
visible under shear. Such severe conditions could not
be attained with the SANS Couette cell, which is
restricted due to Weissenberg instabilities. In sum-
mary, for solution 1, common (T, γ̆) conditions where

dΣDB/dΩ(q) ) 8π¥3Keff
2
φ(1 - φ)/(1 + (q¥)2)2 (6)

Keff
2 ) Kmax

2(φrich - φpoor)
2 (7)

Keff
2
φ(1 - φ )/Kmax

2 ) (φrich - φpoor)
2
φ(1 - φ) (8)
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an anisotropic signal could be observed by both SANS
and SALS could not be reached. These observations
confirm that a coarsening of the structure as observed
by SANS may be necessary to make it visible by SALS.
However it seems to us, but has yet to be established,
that neutron scattering would also remain strong for
the conditions where shear effects are observed by
SALS.

Comparisons can also be made with the literature.
Hashimoto et al.14 see SALS butterflies at ambient
temperature, with nondeuterated PS, smaller concen-
tration, but larger molecular weights. Several values of
molecular weight were used, ranging from around 3 ×
106, up to around 107 (these solutions separate soon
below Θ, since the width of the Θ regime varies as
1/Mw). Let us discuss here the data of ref 14, measured
at T ) 22 °C for molecular weights close to 5.5 × 106

and 3.5 × 106 and two concentrations. The phenomena
are stronger and more clear-cut for large Mw and large
concentration. The onset of an increase the integrated
intensity in the v direction at γ̆c coincides always with
the onset of shear thinning, i.e., γ̆c corresponds to Wi )
1, at which changes in SANS are noticeable. For Wi >
1, the scattered light increases progressively with shear
rate, as the SANS intensity does.

However, butterflies become well detectable (depend-
ing upon the device) at much larger Wi (10-50), close
to the shear rate noted, γ̆a. Many processes, such as the
onset of a second increase of integrated intensities along
both the v and z directions or the onset of the shear-
induced cloudiness, occur around this particular shear
rate. This regime is not far from the growth of a light
streak along z, due to the formation of strings along v
(which coincides with an increase of the viscosity). The
scattered light is then very large in most directions and
might correspond to the observation of Verstrate and
Philippoff2 (which was anyhow not sensitive to the
anisotropy of the scattering). The values of Wi for γ̆a
(100 or more for Mw > 106, at T ) 22 °C) are larger than
the largest Wi we investigated in our SANS measure-
ments (25 at this temperature). This is not surprising
because the relation between SANS and SALS is
governed by the different sizes of the most detectable
objects visible by these two techniques.

The striking fact here is that scattering with similar
butterfly shape is detected over such a large q range.
In practice it depends on the shear regime. In the first
regime of low shear, where an increase of integrated
intensity is detected by SANS, a rather small SALS
could correspond to what SANS is displaying strongly.
On the other hand, it is not obvious that the structure
responsible for large SALS could still give large SANS,
unless small objects coexist with larger ones. This
concerns only the largest shears observed by SANS,
close to the upper part of the (γ̆c, γ̆a) range defined by
Hashimoto et al.,16-18 where SALS butterflies are
strongly visible. Anyhow, for shear rates closer to γ̆a and
above, we have no SANS data.

Microscopy seems to detect the structure responsible
for the butterflies as soon as the latter can be detected
via SALS.18 It shows rather compact objects, but this
may be due to image treatment. Above γ̆a, the string
regime is the same as for phase-separated systems
under shear; one can infer that the solution is phase-
separated in droplets of micron size. However, our SANS
measurements tend to show that phase separation
occurs at a lower shear rate than γ̆a.

5.2.2. Comparison with WALS. Comparison with
WALS can be done using refs 6, 20, and 21. It seems
that WALS observations are made in similar regimes
as the neutron ones and show phenomena of comparable
importance. A reason might be that the two q ranges
are quite close.

The WALS work is done with a polymer of Mw ) 1.8
× 106 and a concentration of 4%6,20 at T ) 15 °C (only
5 °C above the cloud point, Tcloud ) 10 °C). This gives a
relaxation time τr ) 0.57 s. Shear-induced scattering is
seen as soon as γ̆ g 0.2 s-1 (Wi g 0.12) in a low shear
regime; a new “moderate shear” regime appears above
γ̆WALS1 g 4 s-1 (Wi g 2.35), where the normal stress
becomes larger than the shear stress. There is a definite
increase of the scattering at all q, with a rotation of the
peaks from the first and third quadrant to the fourth
and second one in the (v, ∇v) plane.

Further experiments21 investigated a transition be-
tween the moderate shear regime (above γ̆WALS1 ) 25
s-1 for the lower molecular weight used in ref 21, Mw )
1.03 × 106, giving τr ≈ 0.09 s-1) and a high shear regime,
above γ̆WALS2 ) 70 s-1. In this third regime, steady flow
and transient flow measurements show that the scat-
tering can be decomposed in two contributions: one has
the same level of intensity and the same symmetry as
observed in the “moderate shear” range. The second
gives a much stronger intensity, a different pattern (four
peaks in the four quadrants of the (v, ∇v) plane), and
shows a slow coarsening with time. This coarsening
proceeds in such a way that the four peaks merge into
two peaks along the v axis. Pine et al.21 conclude that
two effects are responsible for the scattering in this
regime of shear: one being due to the concentration
fluctuations of the intermediate shear range, the other
one, appearing at larger shear rates, being due to
demixing. Similar possible situations were evoked above.
We do, however, not believe to have really explored by
SANS a temperature close enough to Tcloud (15 °C )
Tcloud + 5 °C in refs 6, 20, 21, T ) Tcloud + 5 °C ) -1 °C,
where we do not have experimental results); the Weis-
senberg number for γ̆WALS2 ) 70 s-1 is Wi > 7, a value
which we did not reach in this temperature range. This
regime may correspond to a fourth stage of the shear
effect, following what we called above stage iii.

5.3. Comparison with Mechanical Behavior. An-
other striking feature is the fact that mechanical
properties under steady shear flow follow a time-
temperature superposition. On the contrary to scatter-
ing, they depend only on the Weissenberg number. It
thus seems that the concentration fluctuations are not
large enough to modify the mechanical response. This
may be due to an insufficient variation of the polymer
concentration between polymer rich and polymer poor
phases. This would indicate that the estimations of
section 5.1.3 assuming a symmetric separation in two
phases are more probable than the one assuming that
the poor phase is in the dilute regime. Let us note,
however, that |η*| is not very sensitive to heterogeneity
in composition. Only G′(ω) indicates the presence of a
demixing in polymer solutions, at frequencies where its
contribution to |η*| is weak compared to G′′(ω).35,36

5.4. Other Solutions. Solutions 2 and 3, which we
investigated, show additional interesting features. We
see that the different stages of the shear effect as
defined for solution 1, are also present at lower concen-
tration (solution 2). However, from the comparison of
the experiments made at T ) 11 °C with solutions 1
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and 2, it appears that the Weissenberg number is larger
with solution 2 for a similar scattering pattern (for
instance, the butterfly shape is still visible with solu-
tion 2 for Wi ) 40). The highest value of Wi that we
were able to obtain with solution 2 is 100, yielding
elliptical isointensity curves and leading eventually
to an irreversible demixing process. This new feature
can evidently be due to the high value of Wi. The re-
sult would suggest that we could probably observe
such permanent changes with solution 1 if the Weis-
senberg instabilities did not impede reaching high shear
rates.

Let us note, however, that no irreversibility was
mentioned in any of the SALS14-18 and SANS26,27

experiments which deal with strong shear effects for
semidilute solutions, although this feature was observed
under shear by SANS for a dilute solution.32 It seems,
therefore, that the irreversibility is rather a consequence
of the approach of the dilute regime. We try again to
quantify the concentration fluctuations involved in this
process in order to understand what could lead to this
difference. We fit dΣv/dΩ with the sum of a Lorentzian
function and a Debye-Bueche function. The values
obtained for T ) 11 °C and γ̆ ) 100 s-1 are ¥deb ) 460
Å and dΣDB/dΩ(0) ) 2730 cm-1. From the equations of
section 5.1.3, we obtain in the symmetric case, φrich )
5.15% and φpoor ) 1.75%, corresponding respectively to
the semidilute and the dilute regime. The largest
difference between this result and the one obtained with
solution 1 is the value of the volume fraction of each
phase, under the condition that the poor region would
be in the dilute regime. The volume fraction of the rich
phase can be as low as φ ) 0.5 for solution 2; it is φ )
0.84 for solution 1 if we fix φpoor ) 2%. The topology of
these two solutions is certainly very different: in
solution 1, one chain could be located in several rich
regions. On the contrary, in solution 2 the rich regions
are spatially more separated.

With the nonentangled solution 3 (smaller molecular
weight), we do not observe all of the different stages of
the shear effect. Only the first stage, corresponding to
an increase of the intensity in the v direction is obtained.
This feature, which agrees with the Helfand-Fredrick-
son model, had never been observed experimentally with
a low molecular weight polymer. It is a clear indication
that entanglements are not mandatory to obtain shear-
induced structures. From our experiments, we could not
conclude that this anisotropy would lead to a stronger
scattering as for the entangled solutions, since experi-
ments close to Tcloud were not possible with this sample.

6. Summary and Conclusion

Our SANS work reveals that generation of a flow-
induced anisotropic structure at a length scale between
10 and 500 Å is quite general behavior for semidilute
solutions. It is observable (1) from 40 °C above the Θ
temperature down to 5 °C below it (i.e., in a large range
of temperatures, probably above the Θ regime, i.e., good
solvent, as much as below, very close to the coexistence
line), (2) in the semidilute concentration range up to the
boundary with the dilute region, and (3) with and
without entanglements.

However, each situation has its specificity from the
experimental point of view: (1) for unentangled solu-
tions, only one regime, with a simple increase of
concentration fluctuations could be clearly observed, (2)
for entangled solutions, a second regime, even a third,

where the induced structures coarsen as the shear rate
increases, are explored, and (3) for solutions close to the
dilute regime, conditions similar to the second or third
regime seem to produce some specific irreversibility.

Though the comparison between these different situ-
ations is interesting and was not done before by other
techniques, the main part of the paper is dedicated to
the first system, fully in the entangled and semidilute
regime. The central question is the origin of the effect;
i.e., is it simply rheology, which would modify the
concentration fluctuations, or thermodynamics, if the
chain deformation was modifying the free energy of
mixing?

Aiming to give an answer to this question, we have
tried to check the effect of temperature by piling up
enough observations as a function of γ̆ and T. If the ori-
gin of the shear-induced anisotropic structure is rheol-
ogy, the temperature should just modify the character-
istic times, that is to say we should observe a time-
temperature superposition. In practice, approaching the
demixing temperature at rest remains a strong pro-
moter of shear effects after time-temperature correc-
tion.

Another task is to link our SANS observations to
those obtained from light scattering, done under differ-
ent conditions. From comparison with other groups’
results and our SALS experiments, it is clear that flow
affects first the concentration fluctuations at low length
scale. SANS is therefore very sensitive for the study of
“initial stages”.

WALS shows effects quite similar to the ones observed
by SANS (in a different v, ∇v plane) and distinguishes
three stages.

Small angle light scattering (SALS) appears faintly
at low shear rates and is very strong at highest shear
rates. It is likely that the structural reorganization
tends toward a diphasic system, which could be a
coarsening of the structure observed at earlier stages
by SANS. This is also suggested by light microscopy. It
is also interesting to note that the increasing anisotropic
light scattering leads to a turbidity of the solution,
directly visible by the eye. The effect appears in a
surprisingly large range of temperature and shear rates,
involving a large range of sizes. Similar butterfly
patterns, though not due to the same objects, can be
observed under various experimental conditions. SANS
and SALS observations under exactly the same condi-
tions should be done in order to confirm the impression
that objects of different sizes could coexist under shear.

Though the approach of coexistence curve at rest
makes the system very sensitive to shear, the origin of
demixing is still not established. At this point it seems
to us that a divergence of a Helfand-Fredrickson-type
effect is better supported by facts than a purely ther-
modynamic origin (free energy of mixing of one chain).
Among further information to look for, the conformation
of a single chain under shear is the next step which we
plan to investigate.
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