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1. Introduction

An equilibrium phase diagram demarcates areas of existence
of various phases typically as a function of temperature and
concentration. The term “equilibrium” refers to the microstruc-
tural level. The equilibrium phase diagrams of lyotropic liquid
crystals are complex because of the many possible phase re-
gions, according to Gibbs’ phase law.[1] In some cases, even
three phases can coexist.[2] Examples of lyotropic-phase struc-
tures are the fluid lamellar La phase, in which sheets of bilayers
are separated by bulk liquid, or the sponge L3 phase, in which
an organized bilayer is arranged in a random, isotropic
configuration.[3, 4]

There is a strong correlation between microstructure and
mechanical properties, however the presence of a mechanical
field is usually not considered in the phase diagrams. The term
“dynamic” is used to refer to an equilibrium phase diagram
that also considers the effect of the shear flow.[5] Whereas dy-
namic phase diagrams are still not common in the literature,
considerable work has been done on ethylene oxide non-ionic

surfactants. In particular, the dynamic phase diagrams of tri-
ethylene glycol decyl ether (C10E3), and triethylene glycol dode-
cyl ether (C12E3) and tetraethylene glycol hexadecyl ether
(C16E4) in D2O have been reported.[5–7] The La phase of these
systems shows a strong nonlinear response to the applied de-
formation, that is, shear flow. Experimentally, three main orien-
tations of the lamellae under flow have been found:[8] 1) the
“parallel” orientation (also called the c orientation), in which
the normal of the lamellar planes is parallel to the velocity gra-
dient direction; 2) the “perpendicular” orientation (a orienta-
tion), in which the normal of the lamellae is parallel to the vor-
ticity (neutral) direction; and 3) the “transpose” orientation
(b orientation), in which the normal is parallel to the shear flow
direction. Mixtures of c and a orientations have been observed
under shear flow.[9–11] Moreover, closed structures identified as
multilamellar vesicles (MLVs) can be formed under shear
flow.[5–32] The mechanism of MLV formation was described in
detail[30] by using the 1–2 shear cell[33, 34] in time-resolved small-
angle neutron scattering experiments (SANS). The 1–2 shear
cell allows the 2D pattern in the velocity–velocity gradient
plane to be recorded, that is, for the first time the transition
was observed looking at the c orientation of the lamellar
phase such that it should be the principal orientation after the
alignment procedure.

Other shear-induced transitions are possible, for instance the
L3 phase under shear in a Couette cell can be completely trans-
formed into a lamellar phase La above a critical shear rate[35, 36]

that can subsequently lead to a lamellar-to-MLV transition.[37]

Moreover, a gyroid-to-cylinder transition is reported for
diblock copolymers,[38] in which cylinders can be hexagonally
packed.[39]

As the existence and properties of equilibrium-phase coexis-
tence is of interest, the focus of this paper is phase coexistence
regions in the dynamic phase diagram and also the relative
stability of the formed microstructure after the applied defor-
mation. Here, the metastability of a non-ionic lamellar phase
(C12E3 in D2O) is considered after shear flow deformation. It is

Metastability and phase coexistence are important concepts in
colloidal science. Typically, the phase diagram of colloidal sys-
tems is considered at the equilibrium without the presence of
an external field. However, several studies have reported phase
transition under mechanical deformation. The reason behind
phase coexistence under shear flow is not fully understood.
Here, multilamellar vesicle (MLV)-to-sponge (L3) and MLV-to-La

transitions upon increasing temperature are detected using

flow small-angle neutron scattering techniques. Coexistence of
La and MLV phases at 40 8C under shear flow is detected by
using flow NMR spectroscopy. The unusual rheological behav-
ior observed by studying the lamellar phase of a non-ionic sur-
factant is explained using 2H NMR and diffusion flow NMR
spectroscopy with the coexistence of planar lamellar–multila-
mellar vesicles. Moreover, a dynamic phase diagram over
a wide range of temperatures is proposed.
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essential to determine the phase coexistence in order to know
the thermodynamic state of the system. 2H NMR and diffusion
flow NMR spectroscopy were used to identify the coexistence
phases. Moreover, a correlation between molecular structure
and the formation of multilamellar vesicles can be established
through the metastability of their lamellar phases under shear
flow. The phase coexistence under shear flow has been report-
ed for C12E3 in D2O,[6, 7] however there is no explanation for
such evidence. Olmsted and Lu[40] reported an interesting hy-
pothesis on the phase coexistence under flow. Here, several
pieces of information are given in order to understand better
the mechanism behind the coexistence under flow. This study
also extends the dynamic phase diagrams of the C12E3 surfac-
tant at a higher temperature than previously reported,[6] where
the static phase diagram shows a lamellar and sponge phase
coexistence.

2. Results and Discussion

The phase-transition temperatures of 40 wt % C12E3 in D2O can
be obtained from the C12E3–H2O phase diagram proposed by
Laughlin,[41] by calculating the corresponding surfactant con-
centration in D2O. The La exist at temperatures up to 40.0⌃
0.5 8C, and an L3–La coexistence is reported in the temperature
range 40–48.2⌃0.5 8C.[41] L3 exists from 48.2 to 52.0⌃0.5 8C,
with L3–La coexistence until 57.9⌃0.5 8C. The steady-state vis-
cosities are shown in Figure 1 as functions of shear rate rang-
ing from 0.1 to 100 sˇ1, for a system with 40 wt % C12E3 in D2O
at 24, 34 and 40 8C. Three regimes can be observed in all flow
curves: the first regime is almost a plateau at 24 and 34 8C,
whereas shear thinning is observed at 40 8C. This shear-thin-
ning regime is expected to originate from orientation or align-
ment of the lamellar phase in the flow direction as previously
observed at the same temperature for the 50 wt % C12E3–D2O
system.[6, 22] The second regime is a shear thickening at all tem-

peratures, however this regime appears at a relatively high
value of shear at 40 8C; this transition regime is usually as-
cribed to the formation of MLV.[6, 16] The results are in agree-
ment with the dynamic phase diagram of the surfactant,[6]

except for the transition region, which was slightly modified.
The third regime shows shear-thinning behavior, in agreement
also with the previous studies on C10E3–D2O,[5] and this can be
described well by a power-law relation. In particular,
h à _gÖˇ0:71⌃0:03Ü, h à _gÖˇ0:45⌃0:04Ü and h à _gÖˇ0:5⌃0:1Ü at 24, 34 and
40 8C, respectively. The shear-thinning exponent at 24 8C is
comparable with the exponent obtained at the same tempera-
ture but at 50 wt % (ˇ0.6⌃0.1). Moreover, an exponent of
ˇ0.8 was observed in an dioctyl sodium sulfosuccinate-based
system[14] and for C16E4–D2O.[7] On the contrary, at 40 8C, the ex-
ponent is not consistent with that recorded at 50 wt % surfac-
tant (ˇ0.67⌃0.01), although for a C10E3–D2O system,[5] an ex-
ponent equal to ˇ0.5 was observed. The shear-thinning
regime is associated with densely packed MLVs.[42] Similarities
in the slope might be related to differences in the densely
packed structures. However, the result at 40 8C suggests a di-
similarity with this description. In order to understand this be-
havior the water self-diffusion in the three axes and 2H NMR
experiments were performed. The axes were: Dz along the vor-
ticity direction, Dy along the velocity direction and Dx along
the velocity gradient direction. The z, y and x directions are
shown in Figure 2 (inset). For more details, see the Experimen-
tal Section.

Medronho et al.[13, 28] reported the evolution of the water
self-diffusion coefficient D, with strain for the three spatial di-
rections during MLV formation. Initially, the lamellar phase
shows a Dx value of more than one order of magnitude smaller
than Dz and Dy. This is due to the alignment of layers of the la-

Figure 1. Steady-state viscosity as a function of the shear rate at 24, 34 and
40 8C. Rheological data were obtained after transient experiments at fixed
shear rates in the steady state for 40 wt % C12E3 in D2O. The solid and
dashed lines show a power law relation. Before the transient experiments,
a shear rate of 10 sˇ1 was applied for 1 h to the lamellar phase at 55 8C in
order to have a c orientation as the initial state.

Figure 2. Diffusion coefficients along the velocity, vorticity, and velocity gra-
dient directions after the transient experiments performed in situ at 2, 10,
60 and 100 sˇ1 at 24 8C (A) and 34 8C (B). The diffusion coefficients reported
at shear rate 0 sˇ1 were obtained after alignment of the lamellar phase. Each
transient experiment was performed after the alignment procedure.
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mellar phase along the flow direction. The initial state of the
C12E3 lamellar phase was obtained by applying a shear rate of
10 sˇ1 for 1 h at 55 8C in the experiments performed here.
Figure 2 shows the water self-diffusion coefficients obtained
after the applied shear deformation, that is, after the transient
experiments at 2, 10, 60 and 100 sˇ1 at 24 and 34 8C. However,
the D values reported at the shear rate of 0 sˇ1 were measured
after the alignment procedure described previously ; indeed it
represents the initial state. A Dx value one order of magnitude
smaller than Dz and Dy is characteristic of the initial state. Al-
though the diffusion coefficients along the three directions are
almost identical after the transient experiments performed
in situ, a slight decrease of the coefficients with shear rate was
observed.

Figure 3 reports the water self-diffusion coefficients obtained
after the transient experiments at 2, 10, 60 and 100 sˇ1 at
40 8C. One can easily observe the differences between the dif-
fusion coefficients reported in Figures 2 and 3. Dx is more than
one order of magnitude smaller than Dz and Dy after the transi-
ent experiments at 2 sˇ1, whereas after 10 sˇ1, Dx is almost two
orders of magnitude smaller than Dz and Dy. These results sug-
gest a full alignment of the lamellar layers in the direction of
the flow, as is suggested by the flow curve at 40 8C (Figure 1).
Moreover, after the transient experiment at 60 sˇ1 it was not
possible to obtain convergence fitting of the data with Equa-
tion (1) (k = 2), although it was possible by using a value of
k = 3:

I à I0

Xk

nà1

fne ˇDnÖgdgÜ2 Dˇd
3Ö Üâ ä Ö1Ü

where I and I0 represent the water resonance peak intensity in
the presence and absence of field gradients, g is the proton
gyromagnetic ratio, fn is the weighting of the n value, D is the

time between the start of the gradient pulses of amplitude g,
and duration d. The diffusion coefficients along the three
axes with lower values of fn were not considered because
they are related to sample inhomogeneity, whereas the other
coefficients were considered in two triplets of values together
with the fn value (see also the Experimental Section). From the
results obtained it is evident that the phase coexistence
that can be assumed between planar lamellae is partially
aligned to the flow—as Dx is smaller than Dy and Dz—and
MLVs. Finally, after the transient experiment at 100 sˇ1 the
MLVs were formed.

Figure 4 shows the 2H NMR spectra recorded before (at
0 sˇ1) and after the transient experiments (at 2, 10, 60 and
100 sˇ1). As discussed above, the initial state was obtained by
applying a shear rate of 10 sˇ1 for 1 h at 55 8C. The Pake dou-
blet of a lamellar phase is observed as an initial state, however
the lamellae are not completely aligned to the flow, as it is ap-
parent that the distance between Dx and Dz,y is smaller com-
pared to the aligned state of the C10E3 lamellar phase.[13] The
width at half-height of the singlet due to the MLVs decrease as
a function of the shear rate and temperature, as one might
expect as the MLV size also decreases as a function of these
parameters.[7, 23, 24] At 40 8C, the assumption from the diffusion
experiments is confirmed, as the 2H NMR spectra at 2 and
10 sˇ1 can be related to a well-aligned lamellar phase. This
happens also in the case of the C10E3 system[13, 28] between 38
and 40 8C. However, in the case of C10E3, the lamellar phase
persists also at high shear rates; at the end of the transient ex-
periment at 60 sˇ1 the lamellar–MLV phase coexistence was
confirmed. Moreover, at 100 sˇ1 MLVs were formed. It is nota-
ble that at 24 8C and after 2 and 10 sˇ1, the width at half-
height of the quadrupolar spectrum is of the order of the
peak–peak distance of the lamellar phase. This could be due
to 1) larger vesicles than in the other experiments, 2) coexis-
tence between the planar lamellae and vesicles, or 3) an in-
complete transition that leads to multilamellar cylinders.[13]

However, the experiment after 2 sˇ1 is still in the transition
region of the dynamic phase diagram.[6] At the end of the tran-
sient experiments the spectra were monitored for one day, and
no change was observed except in the spectra recorded after
60 sˇ1. Figure 5 shows the 2H NMR spectra recorded after the
deformation. The lamellar fractions increase over time, reach-
ing a stability (in the observed time) after 8 h. Phase coexis-
tence is stable also several hours after the applied deforma-
tion. The shear-induced phase coexistence is an important con-
cept to be focused on, not only from a fundamental point of
view but also for possible applications.

The scattering profiles under shear rates of 10 and 60 sˇ1

were recorded for 40 wt % surfactant at 47 8C (Figure 6). The
experiments were performed after the formation of MLVs at
lower temperature. At 47 8C, the static phase diagram reveals
a lamellar–sponge phase coexistence. The shear rate of 10 sˇ1

affects the equilibrium state of coexistence giving MLVs,
whereas at 60 sˇ1 the planar lamellae dominate. These
results allow extension of the dynamic phase diagram previ-
ously published; in fact the lamellar-sponge coexistence disap-
pears.

Figure 3. Diffusion coefficients at 40 8C along the velocity, vorticity, and ve-
locity gradient directions after the transient experiments performed in situ
at the same shear rates shown in Figure 2. The diffusion coefficients report-
ed at shear rate 0 sˇ1 were obtained after alignment of the lamellar phase.
Each transient experiment was performed after the alignment procedure.
There are two triplet values of diffusion coefficient for 60 sˇ1, as in this case
there was no convergence in the fitting with k = 2, and therefore k = 3 was
used.
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Upon increasing the temperature from 47 to 55 8C at 10 sˇ1,
the amount of sponge phase increases and the MLV fraction
decreases. The time transition between MLVs and the L3 steady
state goes first through a two-phase coexistence in which an
L3 phase coexists with the La. In fact, Figure 7 A reveals the iso-
tropic scattering of the sponge phase and shows two peaks in
the neutral direction due to a lamellar phase. As a comparison,
in Figure 7 B the steady state is shown. The data provide a pic-
ture of the transition from MLVs to L3. MLVs become a lamellar
phase, which is not stable under shear and results in the La-to-
L3 transition. At 60 sˇ1, the L3 phase is disfavored due to the
higher deformation applied, as the reverse transition from L3

to La appears.
Phase coexistence was reported between the end of the

shear thickening and the beginning of the shear-thinning be-
haviour, that is, at relatively high shear rates. The rheology ex-
periments were performed in step-rate experiments such that
the shear rate was constant. Theoretically, it could be possible

to maintain a stable stress on
the two-state region during
these experiments. In practice,
this would also seem to be diffi-
cult. Olmsted and Lu[40] deter-
mined phase coexistence by
constructing a stable coexisting
steady state, which requires in-
homogeneous terms in the
equations of motion for a given
shear rate. They discussed the
phase diagrams for common
stress coexistence, in which the
phase separation is radial in a cy-
lindrical Couette flow. For
common stress phase coexis-
tence of two phases, in this case
La and MLV, is determined by
the lever rule [Eq. (2)]:

_g à �La _gLa á Ö1ˇ �LaÜ _gMLV Ö2Ü

where fLa is the planar lamellae
fraction.

Olmsted and Lu suggested
that the composition can be the
reason for an unstable flow
under controlled shear rate con-
ditions. The results reported
here suggest that phase coexis-
tence is also strongly related to
the temperature. The lyotropic
liquid crystal structures show
several values of bending and
saddle-splay moduli that change
with concentration or tem-
perature.[7] As a consequence,
a common stress phase separa-
tion can be stable under certain

conditions. Moreover, in a Couette device the slight inhomoge-
neity of the flow induces asymmetry between the inner and
outer cylinders, exactly the symmetry of common stress phase
separation. The lyotropic structures having certain resistance
to the applied flow can reach steady states by which two
phases coexists due to slight inhomogeneity of the flow in the
gap.

The C12E3 dynamic phase diagram[6] was implemented by
adding the phase MLVs and La coexistence individuated at
60 sˇ1 and 40 8C, and it was also extended at higher tempera-
ture. Figure 8 reports the dynamic phase diagram at 40 wt %
surfactant, together with static equilibrium phases reported by
Laughlin[41]

3. Conclusions

The C12E3 dynamic phase diagram[6] shows a stable lamellar
phase under shear flow below 60 sˇ1 at 40 8C; by increasing

Figure 4. 2H NMR spectra recorded before (at 0 sˇ1) and after the transient experiments (at 2, 10, 60 and 100 sˇ1).
The initial state was obtained by applying a shear rate of 10 sˇ1 for 1 h at 55 8C. The spectra recorded at the be-
ginning of each transient experiment were the same. The experiments shown were recorded before the 2 sˇ1 ex-
periments.
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the shear rate, MLV formation occurs. Water self-diffusion and
2H NMR experiments at 60 sˇ1 and 40 8C show multilamellar
vesicles and La coexist in a c orientation. Moreover, the viscosi-
ties of the C12E3–D2O system at 40 wt % surfactant were report-
ed in the flow curves at 24, 34 and 40 8C. The static phase dia-
gram shows a lamellar–sponge phase coexistence at 47 8C and
an L1–La coexistence at 55 8C, whereas time-resolved flow
SANS experiments at 10 sˇ1 show that MLVs still dominate at
47 8C, whereas L3 dominates at 55 8C. Moreover, a phase coexis-
tence between L3 and La was detected during the MLV-to-L3

transition upon increasing the temperature from 47 to 55 8C.
Finally, an extended dynamic phase diagram for the C12E3–D2O
system at 40 wt % surfactant was proposed.

The dynamic phase diagram of the C10E3–D2O is reported[5]

and shows a stable lamellar phase in the c orientation for tem-

peratures of less than 40 8C. At lower temperatures, the lamel-
lar structure is unstable under shear flow, and MLV formation
already occurs at a few reciprocal seconds. No phase coexis-
tence was reported. The dynamic phase diagram of the C16E4–
D2O system exhibits La and L3, and at higher shear rates, MLV
and L3 phases coexist at high temperature.[7]

Here, several insights on the complex matter of phase coex-
istence under shear flow were reported. This is an interesting
topic for further investigations, as it represents a point of bal-
ance between the equilibrium and the dynamic microstructure.
Establishing an equilibrium for two systems being in contact
requires mechanical, thermal and chemical equilibria to be
achieved.

Figure 5. 2H NMR spectra recorded after the transient experiment at 60 sˇ1.

Figure 6. SANS profiles under a shear rate of 10 and 60 sˇ1 at 40 wt % surfac-
tant, 47 8C. Inset: corresponding 2D patterns.

Figure 7. SANS profiles detected in the radial beam configuration at 55 8C
under a constant shear rate of 10 sˇ1, that is, the patterns were recorded
during the transition. A) L3–La transitional state, B) L3 steady state. Inset : cor-
responding 3D patterns.

Figure 8. Dynamic phase diagram of 40 wt % C12E3 in D2O. Open circles indi-
cate SANS data, black squares indicate rheological data, and open stars indi-
cate 2H and water self-diffusion data. On the left the equilibrium static
phases are reported.[42]
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Experimental Section

Materials

The triethylene glycol dodecyl ether (C12E3) was purchased from
Nikko Chemicals Co. , Ltd. (Tokyo, Japan). Deuterium oxide (D2O)
was purchased from Armar Chemicals (Dçttingen, Switzerland).
The purity of each material was higher than 99.8 %, and the materi-
als were used without further purification. Samples containing
40 wt % surfactant were prepared by mixing the surfactant and
D2O. The mixing was assisted by gentle stirring, and the mixtures
were left overnight. The C12E3–water phase diagram proposed by
Laughlin[41] is qualitatively different from that previously reported
in the literature,[43] in which the existence of a sponge phase was
not identified. The system showed a wide lamellar phase at low
temperature, between 24 and 40 8C. At high temperature, the
system showed a lamellar–sponge phase coexistence.

2H Flow NMR

Experiments were performed on 2H nuclei before and after the ap-
plied in situ shear flow, using a cylindrical cuvette having 9.0 mm
inner radius and 1.0 mm gap. The cell was integrated in a microi-
maging probe of a wide-bore superconducting magnet. The long
axis of the cuvette was parallel to the magnetic field director.
Shear was applied by rotating an inner cylinder fitted in the cuv-
ette (Figure 9). An external step-motor gearbox, mounted on the
top of the magnet, drove the cylinder motion. 2H spectra were
measured on a Bruker Avance 300 spectrometer, working at
46.073 MHz recorded. 2H NMR is a sensitive technique to for ana-
lyzing lyotropic liquid crystals, providing relevant information on
the microstructure[44–46] also under shear flow.[13, 15, 28, 29]

Diffusion Flow NMR

Self-diffusion coefficients were measured using a microimaging
probe having a three-axis gradient facility and a maximum gradi-
ent strength of 100 G cmˇ1 on a Bruker Avance 300 spectrometer
operating at 300.0 MHz (1H nuclei). The diffusion experiments were
performed using the longitudinal eddy-current delay–pulse gradi-
ent stimulated echo (LED–PGSTE) sequence.[47] LED is a method for
avoiding eddy-current artefacts that involves placement of an
eddy-current delay after the application of a gradient pulse. In this
case, a delay of 6 ms was used for all experiments. In the LED–
PGSTE sequence, as well as in the PGSTE, a pair of trapezoidal
narrow magnetic field gradient pulses with amplitude g and dura-
tion d encode for spin displacement over a controlled observation
time D. By applying the pulsed magnetic field gradients in the x, y
or z direction, the corresponding diffusion coefficient can be deter-
mined. The optimal experimental conditions were D= 20 ms, d=
2 ms and D= 40, d= 4 ms for the lamellar phase and MLV state, re-
spectively, whereas g values were varied from 4.9 to 97.8 G cmˇ1, in
16 gradient steps. The spin-echo decays were analyzed according
to the method of Stejskal and Tanner,[48] however some of the ac-
quired data did not fit to a mono-exponential decay, and conse-
quently Equation (1) was used to fit the experimental data. In all
fits, the integer k was equal to 2 except for the data from the ex-
periment performed at 40 8C after the shear rate of 60 sˇ1 (40 wt %
sample) where k = 3. For all cases, only the diffusion coefficient
with the highest fn value was considered, as the other diffusion co-
efficient was attributed to the slight structural heterogeneities
across the sample.[28] At 40 8C after 60 sˇ1 (40 wt % sample), two dif-
fusion coefficients were considered and a third excluded (having
less weight). The diffusion experiments were performed before and
after the applied shear flow in situ. All experiments were recorded
after 100 000 strain units, except at the shear rate of 2 sˇ1 for
which the experiments were recorded after 40 000 strain units.
Figure 9 shows the concentric cylinder flow NMR Couette device
and the relative axis frame used in the above discussion. For ideal
planar lamellae oriented with the layers parallel to the flow direc-
tion, Dz (D along the vorticity direction) and Dy (D along the veloci-
ty direction) are expected to be free, whereas along the velocity
gradient direction, Dx is expected to be restricted.

The temperature was kept constant using the conventional Bruker
temperature control, that is, dry air was used as variable tempera-
ture control gas. The sample was allowed to equilibrate at each de-
sired temperature for 20 min before acquisition. Sample tempera-
tures were within ⌃0.4 8C of the desired temperature, which was
verified once prior to the experiments using an external thermo-
couple loaded into an NMR Couette cell.

Rheology

Rheology measurements were performed using a Physica UDS 200
shear-stress-controlled rheometer (Anton Paar, Ostfildern, Germany)
equipped with a Couette cylinder geometry (inner diameter
25 mm, gap 1 mm). The temperature was controlled using a water
circulator apparatus (⌃0.2 8C). To prevent evaporation, measuring
geometries were surrounded by a solvent trap containing water. In
order to verify the results, a ARES RSF III rheometer (Rheometric
Scientific, Piscataway, NJ, USA) equipped with a Couette cylinder
geometry (diameter 32 mm, gap 1 mm) was used. Transient experi-
ments were performed by step-rate tests in the range 0.1–100 sˇ1

to construct flow curves at 24, 34 and 40 8C. The shear rate _g is de-
fined as the ratio between the velocity over the gap, and the shear
stress is defined as the macroscopic force divided by the surface.

Figure 9. Flow NMR Couette scheme and the related shear frame of coordi-
nates with velocity, vorticity, and velocity gradient directions. Depicted in
the axis frame is an aligned lamellar phase in the direction of the flow (c or-
ientation).
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Under steady shear, non-Newtonian fluids exhibit a variety of non-
linear responses, including yield stress, shear thinning, and shear
thickening. For a wide variety of shear-thinning or shear-thickening
fluids, a power law can adequately describe the relationship be-
tween viscosity and shear rate [Eq. (3)]:

h / _gÖnˇ1Ü Ö3Ü
where h is the apparent viscosity also called transient or shear vis-
cosity. For a Newtonian liquid n = 1, and for shear-thinning and
shear-thickening liquids n<1 and n>1, respectively.

Flow SANS

SANS experiments were performed on the SANS-II beamline at the
Swiss Spallation Neutron Source (SINQ) at the Paul Scherrer Insti-
tute (Switzerland).[49, 50] The sample was held in a Couette cell with
an inner rotating cylinder of 29 mm diameter and a gap of 1 mm.
The measurements were performed at a shear rate of 10 and
60 sˇ1 at temperatures greater than 40 8C. The neutron beam trav-
ersed the shear cell radially, through the cylinder center (i.e. the
scattering was observed in the vorticity–velocity gradient plane).
The neutron wavelength was 6.02 ä, and the sample-to-detector
distance was 1.2 m, covering a q value range of 0.027–0.24 äˇ1.
The raw data were corrected for empty cell scattering and the in-
tensity was normalized by calibration with incoherent water scat-
tering. In the flow SANS experiments, evaporation was avoided by
using a sealed Couette cell.
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