
New insights from Rheo-SANS

Michelle A. Calabrese and Norman J. Wagner1

Center for Neutron Science, Department of Chemical and Biomolecular Engineering, University of Delaware, Newark, DE 19716
USA

Abstract

Rheo-small angle neutron scattering (rheo-SANS) methods combine microstructural SANS measurements
with an applied deformation field in order to measure flow-induced structures in complex fluids. Such
methods enable a robust characterization of the microstructure and flow properties of surfactant wormlike
micelle (WLM) solutions. The development of new sample environments now enables the flow-induced
microstructure to be measured in the three planes of shear: the flow-vorticity (1-3), flow-gradient (1-2)
and gradient-vorticity (2-3) planes. Advances in neutron collection and data analysis have improved the
temporal resolution of time-dependent responses, significantly reducing the time required to perform such
measurements. Theoretical advances in constitutive modeling and the stress-SANS rule now permit the
development and testing of structure-property relationships. Such methodologies have allowed flow in-
stabilities, such as shear and vorticity banding, and shear-induced structural transitions to be identified in
WLM solutions. Additional sample environments have enabled the study of WLMs under extensional and
Poiseuille flows, in addition to flows in microfluidic devices.
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1. Introduction

Surfactant wormlike micelles (WLMs) and other soft materials undergo various deformations during
production, processing, transportation, and use. While often used as a model system for studying polymers
and polyelectrolytes [1], WLMs exhibit their own unique dynamics due to their ‘living’ nature, as they
break and reform under shear. Topological changes such as branching are easily controlled by altering
the solution temperature or concentration [2, 3, 4]. Due to their self-assembled nature and tunable flow
properties, WLMs find applications as oil and energy recovery fluids, as well as consumer and household
products. In such applications, the unique ‘breaking’ rheology leads to gel-like rest behavior which quickly
transforms to liquid-like flow under an applied, tunable stress. Wormlike micelles are also commonly used
for studying non-linear flow phenomena and flow instabilities such as shear banding [5, 6, 7]. These non-
linear flow phenomena imply that the microstructure of WLMs is significantly different under flow than
that at rest. Such flow-induced changes in microstructure may be beneficial, such as reducing the viscosity
during the pouring of liquid detergents or transporting fluids while drilling oil and gas wells, or detrimental,
such as the degradation of product stability during shipping. Thus, it is critical to measure the rheology
and microstructure under both steady and dynamic non-linear deformations. Rheo-SANS methods present
a unique opportunity to develop a qualitative and quantitative understanding of the relationships between
the WLM microstructure and macroscopic flow properties. In this chapter, we review the current state-of-
the-art methods in rheo-SANS, specifically applied to WLMs, and provide some key findings that should be
of interest to practitioners and researchers alike working with WLMs. While space limitations restrict how
much we can include given the breadth and historical richness of this topic, we refer the reader to recent
reviews of rheo-SANS [8], WLM rheology [9], and WLM scattering [10, 11].
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2. Rheo-SANS sample environments

Rheo-SANS methods have been used to determine the flow-induced structure of a variety of soft mate-
rials since the 1980s [12]. The term ‘rheo-SANS’ often implies SANS measurements which are performed
in either a concentric cylinder Couette or parallel plate geometry during an imposed shear deformation,
which may or may not involve simultaneous rheological measurements. Rheo-SANS methods enable the
material microstructure to be probed in the three shear planes, which are illustrated in Figure 1: the 1-3
(flow-vorticity or velocity-vorticity) plane, the 2-3 (gradient-vorticity or velocity gradient-vorticity) plane,
and the 1-2 (flow-gradient or velocity-velocity gradient) plane. The projections of the material microstruc-
ture onto each shear plane may be measured using a variety of SANS sample environments. In addition to
illustrating each of the three shear planes, Figure 1 shows a sample scattering pattern from each plane that
results from shear-induced alignment [13]. While the schematic illustrates ellipsoidal particles aligned in
the direction of the flow in each plane, this alignment and anisotropic scattering is also typical of WLM
solutions. The current rheo-SANS sample environments are depicted in Figure 2, and additional details of
the geometries and sample cells can be found below. When the rheometer configurations shown in Figure
2a are used for the 1-3 and 2-3 plane scattering experiments, simultaneous rheology is recorded throughout
the duration of the SANS measurement [14]. Measurements in the flow-gradient (1-2) plane (Figure 2b) are
much more difficult, and as such, are restricted to SANS measurements during flow without simultaneous
rheology [15, 13].

Figure 1: An illustration of the standard rheo-SANS sample environments displaying the three shear planes accessible by SANS. In
order to access the 1-3 velocity-vorticity and 2-3 velocity gradient-vorticity planes, a rheometer is aligned in the neutron beam. To
access the 1-2 velocity-velocity gradient plane, a new sample environment has been developed through a collaboration between the
Institut Laue-Langevin (ILL, France), the National Institute of Standards and Technology Center for Neutron Research (NCNR,
USA), and the University of Delaware (UD, USA). The schematic illustrates the direction of micellar alignment under shear flow
in each plane, and sample scattering patterns are provided for each plane. Adapted from reference [16].

2.1. Rheo-SANS in the 1-3 (flow-vorticity) shear plane

Most rheo-SANS measurements of WLMs are performed in the 1-3 (flow-vorticity) shear plane (Fig-
ure 2a). Currently, these 1-3 plane experiments are performed using a rheometer outfitted with a quartz or
titanium Couette cell centered in the neutron beam line [14]; however, initial experiments were performed
using several custom-made Couette shearing apparati [12, 17, 18, 19, 20]. As WLMs tend to align in the
flow direction upon shearing, the resulting increase in SANS anisotropy is symmetric along the vorticity
direction (Figure 1). The resulting 2-D SANS pattern under shear is a convolution of the shear-induced
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material microstructure across the Couette cell gap and an angle of alignment cannot be determined due to
the symmetry imposed by the method. WLM solutions often exhibit spatially-dependent flow properties,
such as shear banding [21], which cannot be resolved with these gap-averaged 1-3 plane measurements.
However, spatially-resolved measurements along the vorticity direction may be performed using 1-3 plane
rheo-SANS, which are useful in the detection of flow instabilities such as vorticity banding [22, 23]. Most
experiments in the 1-3 plane use an Anton-Paar MCR stress-controlled rheometer with a concentric-cylinder
Couette geometry (Figure 2) [14]. Additionally, a TA Instruments ARES-G2 strain-controlled rheometer
with a concentric-cylinder Couette geometry is now available at the NCNR for 1-3 plane measurements. The
rheo-SANS sample environment is available to users at several facilities worldwide, currently including the
Institut Laue-Langevin (ILL, Grenoble, France), Laboratoire Leon Brillouin (Saclay, France), Paul Scher-
rer Institute (PSI, Villigen, Switzerland), Rutherford Appleton Laboratory (ISIS, Harwell Oxford, UK),
University of Tokyo (Tokyo, Japan), Australian Nuclear Science and Technology Organisation (ANSTO,
New South Wales, Australia), National Institute of Standards and Technology (NIST) Center for Neutron
Research (NCNR, Gaithersburg, MD, USA), and Oak Ridge National Laboratory (Oak Ridge, TN, USA).

Figure 2: Current rheo-SANS instruments. The beam direction is represented by the blue arrows, the shear plane directions by the
red arrows, and the rotation direction by the green arrows. (a) Anton-Paar MCR rheometer used at the NCNR aligned in the beam
line for the 1-3 plane measurements, which also may be aligned for 2-3 plane measurements. (b) The 1-2 plane shear cell aligned
in the beam for spatially-resolved measurements. (b) Reprinted with permission from reference [13].

2.2. Rheo-SANS in the 2-3 (gradient-vorticity) shear plane

Rheo-SANS experiments in the 2-3 (gradient-vorticity) plane probe the microstructure from the view-
point along the flow direction. The same rheometer and Couette cell as in the 1-3 plane experiments is used;
however, the configuration is altered so the Couette cell is tangential to the beam (Figure 1). Further, a thin
vertical cadmium slit limits the scattering volume to the Couette cell gap. Ideally, the slit and rheometer
are aligned such that the beam direction is parallel to the flow direction. In practice, these measurements
include some curvature effects such that the scattering has a small component out of the 2-3 plane.

2.3. Flow-SANS in the 1-2 (flow-gradient) shear plane

To access the 1-2 (flow-gradient) plane with SANS methods, the Couette cell must be designed to
lie horizontal with its rotation axis parallel to the beam. To accommodate such measurements, a sealed,
short aspect ratio 1-2 plane shear cell was recently designed [15, 13], which can be seen in Figure 2b.
This orientation enables obtaining spatially-resolved information across the Couette gap, which has proven
useful in the detection of shear banding flow instabilities [24, 25, 26, 27, 28, 29]. The 1-2 shear cell is a
short Couette (5mm path length) as described by Gurnon et al. [13]. The cell consists of a rotating inner
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cylinder (R1 = 25.5 mm) and an outer stationary cylinder (R2 = 26.5 mm) such that the gap width is 1.0 mm,
the resulting aspect ratio, Γ = L/H = 5 and the gap to radius ratio, ε = H/R = 0.039. Temperature control is
maintained by a flow-through port within the cell that is connected to a water bath. A stepper motor is used
to translate a cadmium beam aperture across the gap, providing spatial resolution. The 1-2 plane shear cell
is currently available at the NCNR and the ILL.

2.4. Non-standard flows and geometries studied with SANS
While the term ‘rheo-SANS’ implies concentric cylinder Couette shear flow, other flows have been in-

vestigated using unique sample environments. These non-standard geometries have enabled extensional,
channel, contraction-slit, rotating disk, and pipe flows of WLM solutions to be studied with SANS. Mi-
crofluidic devices at the ILL [30] and micro-flow-SANS cells at the NCNR have also been recently devel-
oped, where shear rates on the order of 105 have been accessed. While not used as extensively as rheo-
SANS, these sample environments enable flow-structural relationships to be derived during complex flows.
Further, some of the non-standard geometries require less volume than standard rheo-SANS experiments,
allowing a wide range of soft matter systems to be studied.

Poiseuille flow is usually assumed for the analysis of extensional flows, laminar pipe flows, and channel
flows. SANS studies of WLMs in extensional flows have used a cross-slot flow cell, where the center of
the cross-slot forms a stagnation point of pure extension [31, 32]. These cross-slot flow cells are available
at ISIS and the NCNR, where the aspect ratio may be altered in the NCNR design [32]. In these studies,
spatially-resolved SANS measurements are performed at different positions along the flow cell. Poiseuille
flow calculations are used to determine the velocity profile and average shear rates in the cell, to enable
comparisons between the microstructural effects of shear and extensional flows. Other SANS Poiseuille-
flow devices include planar flow cells [33, 34, 35], pipe flow apparati [36, 37, 38], and channel flow cells [39,
40]. Microstructural results from the laminar pipe flow regime (Poiseuille) have also been compared with
the microstructures formed during turbulent flow [37, 38]. Similarly, spatially-resolved micellar alignment
and instabilities formed by contraction-slit flow have been extensively studied in a recently designed cell
[41, 42]. Finally, the shear flow of WLMs driven by rotating disks (i.e. parallel plates) has been examined
in several designs [43, 18], such that angle between the beam and the shear gradient can be controlled.

3. Analysis of microstructural rearrangements using SANS

Wormlike micelles tend to show strong alignment in the flow direction during shear flow [8], as well as
a variety of other flows, including extension [31], pipe flow [36, 37, 38], and contraction slit flows [41, 42].
Several metrics are commonly used to quantify these microstructural rearrangements. Early works com-
pared differences in the absolute scattering intensity, I(q), under flow in the 1-3 flow-vorticity plane with
contour plots of the 2-D intensity [44, 45, 46, 47], or with sector-averages of I(q) in the perpendicular
(vorticity) and parallel (flow) directions, I(q⊥) and I(q‖), respectively [48, 49, 50, 51, 52]. An example
anisotropic scattering pattern in the 1-3 plane can be seen in Figure 3a, where I(q⊥) and I(q‖) are com-
pared to the static intensity in Figure 3b. Note that here, q⊥ or qω correspond to the vorticity (3) direction,
and q‖ or qv correspond to the flow (1) direction. Later, order parameters used in the analysis of liquid
crystal microstructures were incorporated into the analysis of shear-induced WLM microstructures. These
parameters quantify the measured microstructural rearrangements based on scattering anisotropy. The com-
monly used metrics include the P2 orientation parameter [53, 54, 55] and the scalar ‘alignment factor,’ Af ,
[56, 15, 22, 57] with the angle of alignment of the primary eigenvector, φ0. Note that in the case of 1-3 and
2-3 plane rheo-SANS, φ0 cannot be measured due to the symmetry imposed by the method, whereas φ0 can
be determined in 1-2 plane measurements. In general, as the microstructure for a WLM can be described by
a second order tensor formed by a dyadic product of an end-to-end vector, Q, as < Q Q >, measurements
in all three planes of flow are necessary to fully characterize the microstructure under flow [25]. As SANS
probes microstructure on length scales from the nanometer to the micron (see Figure 3), the predominant
source of flow-induced anisotropy in the SANS spectra is segmental alignment. As segmental alignment
is also the primary source of elastic stress in the flowing WLM solution, and this elasticity can also be
represented by < Q Q >, a formal ‘stress-SANS’ rule [25] can be derived for WLMs in direct analogy to
the stress-optical rule [58].
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The anisotropy parameters are calculated from the scattered intensity in the q-1 (rod-like segment) scat-
tering regime; an example can be seen in Figure 3a, where the order parameter was calculated as P2 = 0.8.
The rod-like scattering regime is usually chosen to focus on segmental alignment of WLMs. However, it is
not uncommon for P2 or Af to be calculated as a function of q-position [56]. A value of zero represents
a system that is, on average, isotropic and non-aligned, whereas a value of one is the theoretical perfectly
aligned state corresponding to a nematic order of thin, rigid rods. The scalar P2 orientation parameter is
calculated by the integral:

P2 =
∫ π
0 f(θ)P2(θ)sin(θ)dθ

(1)
where f(θ) is the projection of the normalized orientation distribution function (ODF) onto the shear plane
(intensity distribution), and θ is the azimuthal angle with respect to the flow direction.

While the calculations are different, P2 is roughly equivalent to the alignment factor, defined as [56]:

Af (q) =
∫ 2π
0 I(q,φ) cos(2(φ−φ0)) dφ∫ 2π

0 I(q,φ) dφ

(2)
where I(q) is the intensity over a small fixed q-range and φ is the azimuthal angle and φ0 is the azimuthal
angle of maximum intensity. A general anisotropy parameter is also commonly estimated by the ratio of
the perpendicular and parallel intensities from the 2-D SANS patterns; however, this method does not take
the alignment angle or ODF into account.

Figure 3: 1-3 plane intensity contour plot of the 2-D SANS pattern (L) and resulting SANS 1-D intensities in the perpendicular
vorticity (I(q⊥)) and parallel flow (I(q‖)) directions (R, noted here as qω and qv , respectively) for a shear thickening CTAT solution
(φ = 0.26% wt) at γ̇ = 188 s-1. (L) The 2-D SANS pattern under shear shows significant anisotropy along the vorticity-direction
in a butterfly-type pattern, indicating strong alignment. (R) The 1-D averaged I(q⊥) is significantly larger than the intensity at rest
or I(q‖). The interaction peak q-position in I(q⊥) shifts to lower q-values with increasing shear rate. Reprinted with permission
from reference [59].

The aforementioned stress-SANS rule was developed to determine the polymeric stress from the align-
ment factor [25], based on the Giesekus-diffusion (G-D) model. Using the alignment factor and the az-
imuthal angle of maximum intensity, the stress-SANS rule is given by:

τ12,p = G0(CAf )1/2sin(2φ0)
(3)

N1,p = 2G0(CAf )1/2cos(2φ0)
(4)
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where τ12,p is the polymeric shear stress, N1,p is the polymeric first normal stress difference, G0 is the
plateau modulus and C is the stress-SANS coefficient, a constant determined on a per-system basis.

Several works have used the stress-SANS rule to successfully predict the polymeric stress when com-
pared to the measured shear stress; however this relationship breaks down in the event of highly non-linear
flows [25, 16, 26, 27]. While the stress-SANS coefficient, C, is a constant, a shear-rate dependent stress-
SANS coefficient has shown promise in relating the alignment factor and stress in such non-linear flows
[16]. A variety of other empirical relationships between the order parameter and shear rate or viscosity
have been developed [60, 61], displaying power law and exponential dependences, respectively.

4. Summary of rheo-SANS systems and literature

Commonly studied WLM solutions using rheo-SANS include those of cetrimonium bromide (CTAB),
cetrimonium tosylate (CTAT), and cetylpyridinium chloride (CPyCl), often with added counterions such as
the hydrotropic salts sodium salicylate (NaSal) and sodium tosylate (NaTos), or simple salts such as sodium
chloride (NaCl). Note that the addition of hydrotropic salt leads to micellar growth, while simple salts con-
trol the electrostatic interactions by screening or micellar charge by common-ion effects. Other common
WLM systems include erucyl bis(hydroxyethyl)methylammonium chloride (EHAC), tetradecyltrimethy-
lammoniumsalicylate (TTMASal), cationic surfactants with bromine groups (close structural similarity to
CTAB), non-ionic surfactants and block copolymers. Many studies have examined the time-dependence
of the microstructural responses, shear-induced structure formation (SIS), and flow instabilities including
shear and vorticity banding and shear-induced phase separation (SIPS). The rheo-SANS literature has been
summarized by solution strength in Table 1: dilute solutions, semi-dilute solutions, and concentrated solu-
tions near the isotropic to nematic (I-N) transition. All solutions are in the isotropic phase at rest, and unless
noted, are prepared in D2O to reduce incoherent background scattering.

Table 1: Summary of rheo-SANS literature by concentration: dilute, semi-dilute, and concentrated near the isotropic to nematic
(I-N) transition. Solutions with added salt are indicated by the (∗) symbol, and mixed surfactant systems are indicated by the (†)
symbol. Works that include non-standard geometries (extensional, planar, pipe flow, etc.) are designated by the (‡) symbol.

Surfactant Dilute Semi-dilute Near I-N
CTAB [57, 54]∗, [41, 42]∗‡ [48, 50, 19, 54]∗, [61], [31]†‡ [39, 41]∗‡, [47, 53]† [25, 62, 24, 63, 64]
CPyCl N/A [22, 55, 23, 13, 16, 26, 27]∗[32]∗‡ [65, 66, 67, 68]∗†

CTAT [60]∗, [69]†, [70, 59] [4, 28, 29, 71]∗† N/A
EHAC N/A [15, 72, 73]∗ N/A

TTMASal [74, 46, 75] N/A N/A
Cationic+Br [76], [19, 77, 78, 79, 57]∗ [44, 45, 80, 76, 81], [48, 78, 79]∗ N/A
Non-ionic [82] [61], [83]†, [31]†‡, [35]‡, [49]∗, [52]∗† N/A
Industrial [84]∗, [40, 36, 37, 38]∗‡ N/A N/A

Other N/A [61], [47]† [34, 31]‡†, [48, 44, 50, 19]∗, [39]∗‡ [85, 86]†, [51]∗

5. Steady shear, shear startup, and shear cessation studied via rheo-SANS

Rheo-SANS has been used most extensively to study WLMs under steady shear deformation. Initial
experimentation primarily studied steady shear flows. Advances in instrumentation [15, 14, 13], detection
[87, 27], and data processing [87, 29] have made time-resolved SANS techniques more widely available.
These improvements have enabled the startup [75, 46, 27] and cessation of steady shear [45, 47, 27] to
be examined in addition to time-dependent deformations such as large amplitude oscillatory shear (LAOS)
[83, 55, 16, 29]. The following studies are presented in order of solution strength.
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5.1. Dilute WLM solutions

In the initial development of flow devices for SANS, dilute WLM solutions were often used as model
systems in both Couette [12, 19] and non-standard geometries [40, 36, 37]. Research has focused on shear
thickening in these solutions, which is often observed when the surfactant concentration is approximately
equal to or less than that of the overlap concentration to the semi-dilute regime, c∗. Above a critical shear
rate, γ̇c, dilute solutions display a Newtonian-to-shear thickening transition, whereas solutions near c∗ ex-
hibit a shear thinning-to-shear thickening transition. The mechanism has been attributed to shear-induced
structure (SIS) formation and micellar growth, which may also lead to elastic turbulence [21].

5.1.1. Common shear thickening WLM solutions - CTAT and CTAB
Berret and co-workers performed multiple rheo-SANS studies on dilute, shear thickening CTAT solu-

tions [68, 59]. In these solutions, the overlap concentration occurs at c∗ ≈ 0.5% wt. Experiments were
performed on two solutions below c∗: 0.26% wt [59] and 0.41% wt [68]. In both solutions, a cylindrical
morphology was confirmed. At rest, an isotropic scattering ring was observed in the 2-D SANS pattern,
which resulted in a correlation peak in the 1-D averaged SANS data. This correlation peak indicates strong
interactions between the cationic WLMs, and can be seen in Figure 3b for the 0.26% wt solution. Each solu-
tion was then examined under shear, where an example anisotropic scattering pattern can be seen in Figure
3a for the 0.26% wt solution. At shear rates significantly above the critical shear rate, highly anisotropic,
butterfly-like 2-D SANS patterns were observed in both solutions (Figure 3a). These 2-D SANS patterns
indicated micellar alignment along the flow direction, which results in a strong anisotropy in the vortic-
ity direction2. In the 0.26% wt solution, analysis of the orientation parameter (P2 ≈ 0.8 at γ̇= 188 s-1),
suggested highly aligned, cylindrical micelles at these shear rates. In this regime above the critical shear
rate, significantly different magnitudes were observed in the sector-averaged 1-D perpendicular and parallel
intensities, where I(q⊥) increased and I(q‖) decreased with increasing shear rate in both solutions (Figure
3b). Here, the perpendicular direction refers to the vorticity (3) direction (qω in Figure 3), and the parallel
direction refers to the flow (1) direction (qv in Figure 3). Further, in the 0.26% wt solution, the q-position
of the interaction peak decreased with increasing shear rate in the perpendicular direction, and increased in
the parallel direction (Figure 3b).

In the 0.41% wt solution, two shear rates were examined: one below and one above the critical shear
rate. Below the critical shear rate, anisotropic scattering was observed; however, a non-zero intensity
contribution from the isotropic scattering ring was still evident. Above the critical shear rate, the scattering
intensity was focused in the vorticity direction, similar to that seen in Figure 3a. Interestingly, a secondary
q-peak appeared in the vorticity direction past the q-position of maximum intensity, at q = 1.8qmax. From
the isotropic contribution to the scattering below the critical shear rate, the authors estimated the proportion,
x, of the induced, shear aligned phase across the gap. The onset of shear thickening corresponded to the
onset of SANS anisotropy (x > 0). Further, the maximum viscosity during shear thickening corresponded
to a fully induced phase (x = 1). The authors concluded that shear thickening results from shear-induced
micellar growth from short to entangled WLMs, and further postulated that worm-like aggregates may not
be initially required for shear thickening. They also concluded that the shear thickening-to-shear thinning
transition at high shear rates resulted from an alignment of the longer WLM chains.

Additional studies by Truong and Walker [60] examined the effect of added polymers polyethylene
oxide (PEO) and hydroxypropylcellulose (HPC) on the shear thickening behavior of CTAT at the overlap
concentration. While added PEO had little effect on the critical shear rate or the 1-3 plane alignment factor
when compared to pure CTAT, added HPC increased γ̇c significantly, thereby decreasing the alignment at
equivalent shear rates. Despite such differences, an empirical, power-law relationship between the shear
rate and 1-3 plane alignment factor was developed that described all solutions well. The alignment factor
was also related to a critical scattering angle, qxo, that is inversely related to the micellar persistence length
in uncharged solutions [60]. Results indicated that the dependence of qxo on Af was independent of added
polymer type or concentration. The authors concluded that the transition and growth of the aligned state is
universal, and that the effects of the shear-induced structure dominate the effects of the added polymer.

2The reciprocal nature of scattering is such that the scattering intensity is a 90◦ rotation as compared to the real space structure.
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Lastly, the impact of electrostatic interactions on the shear thickening transition was examined in CTAT
at the overlap concentration with added NaCl [69]. Salt addition dampened the magnitude of the shear
thickening transition and increased the critical shear rate. No shear thickening or SIS formation was ob-
served when the salt concentration was greater than or equal to the surfactant concentration. While the
added salt did not affect the micellar cross-sectional radius, rcs, the overall micellar contour length, Lc,
increased and the interaction peak in the 1-D SANS was mitigated with salt addition. Several ratios of
NaCl to CTAT were examined using 1-3 plane rheo-SANS spanning shear rates before and during the shear
thickening transition. Truong and Walker [69] found that normalizing the applied shear rate by the critical
shear rate (γ̇/γ̇c) created a master alignment curve for all systems studied. While added salt can affect the
presence of the SIS, the results confirmed that flow alignment is directly related to the shear thickening
transition and that the mechanism of the transition is system-independent.

Similar results have been observed in shear thickening solutions of CTAB and similar cationic sur-
factants [57]. Using 1-3 plane rheo-SANS and flow-birefringence measurements, Dehmoune et al. [57]
studied the shear thickening transition in very dilute (0.1 % wt) solutions of CTAB (C16TAB), C14TAB and
C18TAB, with equimolar NaSal. In these solutions, the critical shear rate and micellar cross-sectional radius
increased with length of the aliphatic surfactant chain. Results were divided into three regimes, based on the
critical shear rate and the shear rate of highest viscosity, γ̇m: regime I (γ̇ < γ̇c), regime II (γ̇c < γ̇ < γ̇m),
and regime III (γ̇ > γ̇m). In regime I, minimal anisotropy was observed in the CTAB and C14TAB solutions,
resulting in similar perpendicular and parallel intensities. Significantly higher anisotropy was observed in
the C18TAB solution. In regimes II and III, I(q⊥) was significantly greater than I(q‖) in all solutions due
to micellar alignment in the flow-direction, in agreement with previous results [59]. The alignment factor
was then compared to the birefringence results for each solution in the three regimes. While the alignment
factor did not significantly change with shear in the C18TAB solution, the CTAB and C14TAB solutions
showed qualitatively similar trends: low alignment in regime I, increasing alignment with applied shear
rate in regime II, and nearly constant alignment in regime III. The alignment factor correlated strongly
with the birefringence intensity, ∆n, with little change in the extinction angle, indicating an increase in the
proportion of the SIS with shear rate. These results further confirmed the link between shear thickening,
SIS formation, and shear-induced anisotropy. Additional studies on C18TAB/NaSal at the same concen-
tration yielded similar results in regime III for the anisotropy ratio [78, 79]. However, the behavior of the
C18TAB/NaSal solution in regime II in these works [77, 78, 79] was similar to that of the CTAB and C14TAB
solutions from Dehmoune et al. [57], where the alignment increased with shear rate in this regime. Possible
differences in sample preparation or temperature (which was not reported) resulted in slight differences in
the 1-D SANS between the two C18TAB solutions, which may account for the discrepancies.

Takeda et al. [54] examined three CTAB solutions: 0.16% wt (Newtonian-to-shear thickening), 0.33%
wt (shear thinning-to-shear thickening), and 1.62% wt (shear thinning only) with added sodium tosylate.
While Berret et al. [68] postulated that wormlike aggregates may not be required for shear thickening,
Takeda et al. [54] systematically studied the transition from spherical to cylindrical micelles using static
SANS and rheology, and confirmed that shear thickening only occurred in solutions of cylindrical micelles.
Unlike previous studies, Takeda et al. [54] examined both the 1-3 plane and the 2-3 plane SANS microstruc-
tures. In the Newtonian-to-shear thickening solutions, isotropic scattering was observed at shear rates prior
to shear thickening in both the 1-3 (radial) and 2-3 (tangential) planes. During the transition, the radial 2-D
SANS patterns became more anisotropic with shear rate, and remained anisotropic in the shear thinning
regime directly following the shear thickening regime. However, the shape of the anisotropic scattering
pattern was ovular with a thick waist, as opposed to butterfly-like as seen in Figure 3a. As seen in previous
studies [59, 57], I(q⊥) increased with shear rate, while I(q‖) decreased. The tangential 2-D SANS pat-
terns were isotropic at all shear rates, indicating strong alignment in the flow direction. Similarly, in the
shear thinning-to-shear thickening solutions, isotropic scattering was observed in the tangential direction at
all shear rates. However, the scattering in the radial direction exhibited mild anisotropy even in the shear
thinning regime. At the onset of shear thickening, strong butterfly-like anisotropy was observed in the ra-
dial direction. Finally, the shear thinning solution was investigated, and a large degree of anisotropy was
observed in the thinning regime. Strong butterfly-like anisotropy was also observed that resembled that of
the shear thinning-to-shear thickening solution. The differences in the shape of the 2-D anisotropy (ovular
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vs. butterfly-like) between the systems suggest differences in the shear-induced structures and possibly the
mechanism of alignment, which is consistent with differences in anisotropy seen between dilute and semi-
dilute sheared systems in related works [77, 78, 79]. The authors concluded that the Newtonian-to-shear
thickening transition resulted from micellar growth from short, rodlike micelles to worm-like chains, and
further postulated that the shear thinning-to-shear thickening transition resulted from shear-induced growth
which led to inter-micelle connectivity or branching.

5.1.2. Time-resolved experiments: startup and cessation of flow
Transient 1-3 plane rheo-SANS measurements were first used to study dilute, shear thickening solutions

of trimethyltetradecylammonium salicylate (TTMASal) [46, 75]. As observed in other dilute solutions
[77, 78, 79, 54], the shape of the anisotropy in these solutions was broad and ovular as opposed to butterfly-
like, which was only observed at extremely high shear rates [80, 46, 75]. Münch et al. [75] proposed that the
shear-induced structural transition resulted from a change in the proportion of short, rodlike, weakly aligned
‘type I’ micelles and longer, well-aligned ‘type II’ micelles in the solution. At various times following shear
startup, the 1-3 plane scattering patterns were separated into contributions from type I or type II micelles,
that resulted from distinct orientation distribution functions (ODFs). Münch et al. [75] observed that as
the SIS formed in time, the contribution from type II micelles grew while the contribution from type I
micelles decreased. The shape of the anisotropy from the type I micelles was broad and ovular, whereas
butterfly-like patterns were seen from the type II micelles. The long times required for SIS formation help
to explain the induction period observed during the shear thickening transition in rheological and SANS
results [77, 78, 79, 57]. While the authors acknowledged that their two species model is too simple to fully
describe the shear thickening transition, the results supported that micellar growth leads to shear thickening
and SIS formation.

To investigate the stability of the SIS, Oda et al. [76] examined the time dependence of solutions of the
gemini surfactant ethanediyl-1,2-bis(dodecyldimethylamonium bromide), also known as 12-2-12. Similar
to previous works [59], the authors observed a shift in the peak q-position upon shear, but noted that this shift
only occurs in solutions below c∗. Oda et al. [76] only observed anisotropy above a critical shear rate, as
was observed by Takeda et al. [54] in Newtonian-to-shear thickening solutions. The authors then examined
the 1-D SANS intensity in minute-long intervals after the cessation of flow. Whereas flow birefringence
measurements decayed in approximately 10 s, the SANS anisotropy persisted on the order of 102 s, and
changes in the overall SANS intensity were observed for times longer than 103 s. The authors concluded
that aspects of the shear-induced structure are stable after the cessation of flow, and that one relaxation
mechanism is not sufficient to describe the relaxation of these solutions.

A long relaxation mechanism after shear cessation was similarly described by Butler et al. [47] in
solutions of cetyltrimethylammonium 3,5-dichlorobenzoate (CTA3,5ClBz) near the overlap concentration.
The authors studied the different alignment and relaxation mechanisms in solutions with an added mixed
counterion (MC) and homogenous counterion (HC). After shear startup in the HC system, the authors
observed increases in the shear-induced anisotropy for up to 40 minutes. At high shear rates, an unexpected,
two-stage alignment mechanism was observed. In the MC system, the transience was highly shear rate
dependent, and the time-dependent anisotropy parameter at some shear rates displayed an overshoot similar
in shape to stress overshoots observed upon shear startup [27]. While the HC system showed full structure
relaxation within 10 minutes of shear cessation, the MC solution was still anisotropic after 100 minutes,
suggesting a similar long-term stability of the SIS as observed by Oda et al. [76].

5.1.3. Summary - dilute solutions
Rheo-SANS studies on dilute WLM solutions have linked the shear thickening transition to shear-

induced structure (SIS) formation, which results in anisotropic 1-3 plane SANS patterns under flow. Very di-
lute solutions display an ovular anisotropy, whereas solutions near the overlap concentration show butterfly-
like anisotropy at high shear rates. The anisotropy results from the scattering from highly aligned cylindrical
micelles in the flow-direction, which is supported by isotropic 2-3 plane patterns during shear thickening.
Time-resolved experiments have shown that the steady state SIS is observed only after an induction time,
which may be on the order of 103 s or more. With increasing shear rate in the shear thickening regime,
I(q⊥) increases, I(q‖) decreases, and the peak q-position may shift to lower q-values. At shear rates above
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the shear thickening transition, the order parameter remains at a maximum, indicating that the shear induced
structure does not degrade. Upon shear cessation, the aspects of the SIS are stable and may persist for times
on the order of 103 s.

5.2. Semi-dilute WLM solutions
Rheo-SANS studies of WLMs in the semi-dilute regime include concentrations above the overlap con-

centration but far below the isotropic-to-nematic transition on the phase diagram. Transitions between the
dilute, semi-dilute, and concentrated regimes are often marked by a change in the dependence of char-
acteristic length and time scales [2]. While the bounds of the semi-dilute regime are surfactant-specific,
generally solutions ranging from 1% to 10% wt are considered semi-dilute. As concentrations in the semi-
dilute regime may span an order of magnitude, a rich and varied flow behavior is expected across the regime,
which can be well-characterized using rheo-SANS.

5.2.1. Shear thinning solutions
Similar to dilute solutions, semi-dilute WLM solutions show increasing in SANS anisotropy with in-

creasing shear rate, illustrated in Figure 4 for a mildly branched WLM solution. This increase in anisotropy
is pronounced in the 1-3 and 1-2 planes, whereas little change in the anisotropy is observed in the 2-3
plane. The 1-3 plane anisotropy becomes more butterfly-like with shear [39, 48, 45], and the ODF can
be used to calculate theoretical intensity contours for comparison with experimental results. Förster et al.
[61] measured the orientational ordering and distribution functions in a series of semi-dilute WLM solu-
tions of different compositions, consisting of 1% to 10% wt PB-PEO polymer, CTAB or CPySal. Due
to the nature of the surfactant blocks and concentration, the micellar properties varied greatly among the
solutions; however, the authors reported that the shear-induced anisotropy for all solutions in the 1-3 plane
was well-described by an Onsager ODF. Using a shift factor and the reduced shear viscosity, the viscosity
showed an exponential dependence on the calculated order parameter, despite differences in WLM solution
composition and concentration. Deviations from the exponential relationship were observed at high order
parameters (high shear rates). A similar change in the order parameter scaling with viscosity in highly or-
dered solutions has been reported in recent works [28]. Studies on semi-dilute, shear thinning solutions of
CTAB and added polymer were also well described by the Onsager ODF, and were equally well described
by the Maier-Saupe ODF [53]. Both of these ODFs are commonly used to evaluate the orientation of WLM
solutions under shear [56, 61, 53, 21].

5.2.2. Flow instabilities: Shear banding, vorticity banding, and shear-induced phase separation (SIPS)
Wormlike micelle solutions display a variety of flow instabilities such as shear banding. During shear

banding, the flow exhibits spatial heterogeneities and organizes into macroscopic bands of high shear rate
(low viscosity) and low shear rate (high viscosity). Shear banding may occur along the gradient direction
of the flow, referred to as gradient shear banding, such that the high shear rate band forms near the inner
Couette wall and the low shear rate band forms near the outer Couette wall. Shear banding may also occur
in the vorticity direction, known as vorticity banding, where the bands organize along the vorticity direction
as opposed to the gradient direction. Shear banding occurs in systems that have an underlying constitutive
equation that is non-monotonic [88, 89, 90]; however, shear banding is also possible in solutions with
monotonic constitutive equations [91]. While gradient shear banding has been more commonly studied in
WLM systems using rheo-SANS methods [24, 25, 16, 26, 27, 28, 29], several works have identified vorticity
banding using rheo-SANS [22, 23]. The rheological signatures of shear banding and relevant experimental
techniques are detailed in a review by Manneville [92].

Shear banding has been verified in WLM solutions using a variety of experimental methods, including
rheo-optical flow birefringence [7, 62], rheo-nuclear magnetic resonance (rheo-NMR) [93, 94], and rheo-
particle image velocimetry (rheo-PIV) [95, 96]. Spatially-resolved flow-SANS measurements in the 1-2
plane are especially useful in detecting shear banding, as the spatially-dependent microstructure information
enables the location of the shear band interface to be determined [24, 25, 16, 27, 28]. An example of
the spatially-dependent microstructure and its dependence on dimensionless shear rate, or Weissenberg
number (Wi), can be seen for a semi-dilute solution of CTAT and SDBS with added NaTos in Figure 4,
as featured in Calabrese et al. [29]. Figure 4 illustrates the characteristic differences in the 2-D SANS
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patterns for shear banding (region II) and non-shear banding (regions I and III) behavior. In the shear
thinning regimes (regions I and III), the 1-2 plane anisotropy decreases gradually and continuously across
the concentric-cylinder Couette cell gap, as expected for a shear thinning fluid in a Couette based on the
gradually decreasing stress field with radius. Conversely, for the shear banding solution (region II), a large
and often discontinuous change in alignment is observed with increasing gap position. The discontinuity
in the rate of change of material alignment as a function of increasing gap position is evidence for the
coexistence of a high ‘alignment band’ and low ‘alignment band’ that correspond to the high and low shear
bands, respectively. Similar results for shear thinning and shear banding solutions can be seen in Helgeson
et al. [24] for concentrated CTAB solutions. Therein, Helgeson et al. [25] measured a critical value of the
alignment factor and alignment angle at the shear band interface of φ∗0= 17◦ and A∗f = 0.18, such that in the
high shear band, φ0 < φ∗0 and Af > A∗f , while in the low shear band, φ0 > φ∗0 and Af < A∗f . Using these
critical values as a guideline, along with the qualitative trends in the 2-D SANS anisotropy from 1-2 plane
measurements, shear banding has been confirmed in a variety of other semi-dilute solutions [16, 26, 27, 28].

Figure 4: 1-2 plane 2-D SANS patterns as a function of gap position and dimensionless shear rate (Wi) for a shear banding,
semi-dilute solution of 1.5% wt CTAT/SDBS with 0.05% wt NaTos, featured in reference [29]. The gradual and relatively minor
decrease in anisotropy from the inner to outer wall, observed in regions I and III, is a signature of shear thinning and a continuous
flow profile. The significant, discontinuous decrease in anisotropy across the gap in region II is a clear signature of shear banding.

One widely studied shear banding solution is CPyCl and NaSal in brine (6.0% wt) [55, 16, 26, 27].
In the shear banding regime, this system displays qualitatively similar behavior to that shown in region II
of Figure 4, indicative of shear banding [16, 26]. Outside of the shear banding regime (regions I and III),
shear thinning is confirmed by SANS measurements which show gradual changes in microstructure and
anisotropy across the gap, similar to regions I and III in Figure 4. The critical values for the alignment
factor and alignment angle set forth by Helgeson et al. [24] appear to apply to the semi-dilute regime, as
the 1-2 plane SANS results for the 6.0% wt CPyCl/NaSal solution from Gurnon et al. [26] are in good
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agreement.
In less concentrated solutions of CPyCl/NaSal (1.8% wt), both gradient and vorticity shear bands

were identified using a variety of SANS techniques [22, 23]. Herle et al. [22] investigated an equimolar
CPyCl/NaSal system using stress-controlled 1-3 plane rheo-SANS. In the shear thinning regime, the 1-3
plane SANS displayed a weak anisotropy. Above a critical applied shear stress, an oscillating shear rate
response was observed, indicating an instability. Here, the measured SANS anisotropy was significantly
larger and butterfly-like. The oscillating shear rate response was linked to clear and turbid alternating vor-
ticity bands, which was confirmed using a high speed camera. Time-resolved 1-3 plane SANS experiments
were then performed to determine the structure of each band. While the overall micelle radius did not
change between bands, the material was significantly more aligned in the turbid band than in the clear
band. The micelles in both bands, however, were significantly more aligned than those in the shear thin-
ning regime. Mütze et al. [23] expanded upon this work using CPyCl and x-Sal at similar concentrations,
where x refers to added counterions including lithium, sodium, potassium, magnesium and calcium. Here,
the number of vorticity bands observed in each system was dependent on the applied shear stress, and the
minimum concentration required for shear banding was dependent on the chemical nature of the counterion.
Vorticity bands were only observed in equimolar solutions of surfactant and salt. Mütze et al. [23] showed
that at applied stresses much above the critical stress, gradient shear bands only were observed, which cor-
responded with the alternating shear rate rheological response. However at intermediate stresses, vorticity
bands or both vorticity and gradient shear bands were possible. The existence of simultaneous, alternating
shear and vorticity bands was shown by a combination of rheology, laser transmittance measurements, high
speed camera videos, and time-resolved 1-3 plane SANS measurements. As the shear rate signal oscillated
at twice the frequency of the laser transmittance and microstructural SANS signal, the time dependence
of the vorticity banding could be determined. The authors concluded that with increasing molar mass, the
number of gradient shear bands increased, while the number of vorticity bands remained constant.

In contrast to the threadlike micelles, highly branched networked micelles such as erucyl bis (hydrox-
yethyl)methylammonium chloride (EHAC) exhibit a shear-induced phase separation (SIPS) that has been
identified with rheo-SANS [15]. A combination of SANS measurements in the three shear planes along
with rheo-optics and rheo-PIV measurements were used to characterize the phase separation of a 3% wt
EHAC/4.1% wt NaSal solution. A distinct clear and turbid phase were detected above a critical shear rate.
In the 1-3 and 1-2 planes below the critical shear rate, the observed anisotropy was consistent with weakly
aligned, shear thinning micelles; nearly isotropic scattering was observed in the 2-3 plane. The 1-3 and
1-2 plane alignment factors at four gap positions were then compared above the critical shear rate. The
magnitude of the gap-dependent alignment factor was similar to that observed in other semi-dilute, shear
banding solutions [16, 26, 28, 29], and was considerably less than was observed in concentrated, non-phase
separating micelles during shear banding. The alignment factor near the inner wall also exceeded the crit-
ical value determined by Helgeson et al. [24], and decreased across the gap in a manner consistent with
shear banding. The authors concluded that the shear-induced banded structure was distinctly different than
that of shear banding nematic-like micelles, and that the turbid phase was consistent with a flow-aligned,
branched gel-like dense network microstructure coexisting with brine.

The proximity of the 3% wt EHAC/4.1% wt NaSal solution to the two-phase boundary on the phase
diagram helps to explain the shear-induced transition to phase separation. The phase separation in this sys-
tem is due to excessive branching and network formation coupled with ionic screening, and the SIPS has
been attributed to shear-induced branch formation by Thareja et al. [97]. In EHAC solutions further from
this boundary, SIPS does not occur, as shown by Liberatore et al. [72] for a 3% wt EHAC/13.7% wt NaSal
solution. Here, scattering from the three shear planes was examined, where highly aligned micelles were
observed at high shear rates. At intermediate shear rates, the 1-2 plane alignment factor and anisotropy
decreased steadily and continuously across the gap, consistent with shear thinning as opposed to SIPS, as
verified with rheology and PIV measurements. Despite differences in behavior between the two EHAC
solutions, the 1-3 plane anisotropy and alignment factors were similar for both, which highlights the im-
portance of the 1-2 plane spatially resolved measurements for the determination of flow instabilities. Salt
addition has a strong effect on EHAC solutions, as well as the previously mentioned CPyCl solutions, in
terms of the phase behavior, stability, and whether or not SIPS and shear banding will occur. Rheo-SANS
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experiments in the 1-3 plane were also performed on similar EHAC solutions with added KCl [73] and the
alignment results were qualitatively similar to those observed in the other two EHAC solutions. However,
as the 1-3 plane measurements lack spatial resolution, no information about SIPS or shear banding could
be elucidated.

5.2.3. Time-resolved experiments: startup and cessation of flow
In WLM solutions, the mechanism of shear band formation has been debated. Berret [98] proposed

that upon shear startup, a nematic-like phase near the inner rotating cylinder nucleates and grows outward.
However, transient rheo-PIV measurements by Hu and co-workers [95, 96] suggest that the wormlike chains
disentangle upon startup and break, enter a long-lived metastable shear thinning state, and finally settle into
shear bands, where the chains in the outer shear band re-entangle. Both works used a CPyCl/NaSal solution
in brine; however Berret [98] studied a 12% wt solution, whereas Hu and co-workers used a 5.9% wt
solution [95, 96]. López-Barrón et al. [27] used time-resolved SANS measurements in the 1-2 plane upon
shear startup to confirm the mechanism of shear band formation in a similar CPyCl/NaSal solution (6% wt)
[55, 16, 26]. To make precise measurements, López-Barrón et al. [27] used an acquisition trigger synched
with the SANS instrument and 1-2 shear cell motor to acquire data immediately upon shear startup. SANS
results were compared to time-resolved small angle light scattering (SALS) measurements during shear
band formation. For the startup experiments, two shear rates were selected: one below the critical shear
rate for the onset of shear banding and one in the shear banding regime. For the lower shear rate, a small
stress overshoot was observed in the rheology, and both the stress and 1-2 plane alignment factor evolved
steadily in time to steady state values. The steady state alignment factor and angle values were consistent
with shear thinning as opposed to shear banding [24]. The stress-SANS rule was then used to calculate the
shear stress and normal stress differences, which compared favorably to the measured values.

Significantly different behavior was observed for the startup of shear rates in the shear banding regime,
where SANS measurements were taken near to the moving inner Couette cylinder (r/H = 0.2) and the outer
stationary cylinder (r/H = 0.8). A large stress overshoot was observed in the rheology, which corresponded
to nearly isotropic scattering. However, immediately following the stress overshoot, the scattering became
highly anisotropic indicating strong shear alignment at both the inner and outer walls. During the course
of the startup experiment, the material at the inner wall (high shear band) remained highly aligned and
did not significantly change in structure. However, the material at the outer wall (low shear band) evolved
from highly aligned to only weakly flow-aligned micelles. These results confirm the mechanism of shear
banding presented by Hu and co-workers [95, 96] by showing that the micelles strongly align upon startup,
and that the low shear band micelles re-entangle upon band formation to a nearly isotropic microstructure.
On longer length scales, SALS measurements showed butterfly-like patterns, indicating density fluctuations
and order on longer length scales. Once again, the stress-SANS rule was used to calculate the shear and
normal stresses; however, the stress-SANS coefficient used was an order of magnitude higher than had been
used in the homogeneous flow calculations. With the adjusted stress-SANS coefficient, the stresses were
calculated prior to the onset of shear banding by using microstructure values from either band. After the
onset of shear banding, only the calculated stresses from the high shear band were reasonable, confirming
the breakdown of the stress-SANS rule for highly non-linear flows. This highly non-linear behavior was
discussed within the context of shear-induced micellar breakage.

The relaxation of the shearing homogeneous and shear banded states were also probed. In the homoge-
neous state, both the stress and alignment factor relaxation were exponential, as predicted by the Maxwell
model. In the shear banded state, however, the stress relaxation was fit to two exponential decays while the
alignment factor was described by a single exponential decay after a lag time. A qualitatively similar decay
of P2 was seen in reverse micelles, where a bi-exponential was used as opposed to a single exponential with
a lag time [85]. The initial, extremely fast decay in stress corresponded to a disappearance of the butterfly-
pattern in the SALS measurements and therefore, were associated with relaxation of the density fluctuations
on the micron scale. During this relaxation period, no change or relaxation was observed in the alignment
factor. Once the stress entered the second, slower relaxation process, the measured stress and alignment
factor decayed commensurately. The combination of rheological, SALS and 1-2 plane SANS measure-
ments therefore enabled the separation of relaxation processes and shear band formation mechanism to be
determined. Additionally, relaxation experiments in the 1-3 plane in concentrated, reverse micelles [85]
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support the ‘disentangle, re-entangle’ mechanism of shear band formation. Angelico et al. [85] observed
that the relaxation to the isotropic state occurs gradually with no azimuthal angular dependence, and the
relaxation is characterized by a continuous increase of the angular width. They noted that if the relaxation
mechanism was instead nucleation and growth, the peaks should decay with constant width and an isotropic
contribution to the scattering should increase in time, neither of which were observed.

5.2.4. Behavior of branched WLM solutions
While shear banding is common in linear WLM solutions, altering the WLM solution composition or

temperature can result in morphological changes such as branching [2, 99, 28, 29] that may affect rheology
and shear banding. These structural changes lower the zero-shear viscosity, η0, of the solution by providing
another mechanism for stress relaxation [100, 101]. Rheo-SANS methods in both the 1-3 and 1-2 planes in
linear and branched WLMs have shown that branching may alter or eliminate the shear banding behavior of
the solution [28, 29]. In these semi-dilute systems of CTAT and SDBS (1.5% wt), sodium tosylate (NaTos)
was added as a hydrotropic salt to induce branching [2, 28]. Rheo-SANS results for a solution with mild
branching (0.05% wt NaTos) are featured in Figure 4. In rheological measurements, the stress plateau
increased in slope with increasing branching, indicating that shear banding was inhibited. This resulted in
different shear-induced structures as a function of gap position when branched and unbranched solutions
were compared [28, 29]. At high branching levels, 1-2 plane SANS and PIV measurements confirmed the
absence of shear banding.

Figure 5: Orientation distribution function (L) and sector-averaged 1-D SANS in the anisotropy direction (R) for low and highly
branched samples before (top) and after shear thickening (bottom). In a), for the same alignment factor, the ODF of the low
branched sample is sharper than the highly branched sample, as a result of topological differences. b) The SANS structure for
the branched sample under shear is nearly identical to the static branched structure (blue line). c) Both samples have the same
alignment factor and nearly identical intensity distributions after shear thickening, but structural differences are evident in the
1-D SANS (d). In d), the 1-D scattering from the highly branched system is nearly identical to that of the low branched system
(red line). In contrast, the structure for the low salt system under shear shows increased flow alignment but the correlation peak
maintains its position with increasing rate. Reprinted with permission from [28]. Copyright 2015, The Society of Rheology.

Similar to the work of Förster et al. [61] and Nakamura and Shikata [53], the ODF of the branched and
linear micelles under shear was examined in the 1-3 plane. While the Onsager and Maier-Saupe distributions
described the orientation of these previous systems well, Calabrese et al. [28] found that the ODFs of the
WLMs were significantly different between branching levels. With increasing branching, the ODFs under
shear widened, reflecting the branched topology. Figure 5a shows the normalized intensity distributions for
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both low and highly branched solutions. Clearly, topological differences affect the shape of the ODF (Figure
5b), leading to equal alignment factors despite different underlying ODFs. With increasing shear rate, the
ODFs of the highly branched systems remained broader than that of the low branched counterparts, until a
critical shear rate was surpassed. At this critical shear rate, a shear thickening structural transition occurred,
which was verified by a change in the 1-D scattering. After the transition, the ODFs collapsed onto the same
curve (Figure 5c) and similar 1-D SANS structures were observed between the branched and linear systems
(Figure 5d), suggesting that shear-induced branch breakage was the source of the structural transition [28].
Further, this work emphasized that the ODF under flow contains critical information about the topology of
sheared WLMs, which may have interesting implications for understanding branching effects in polymer
rheology.

5.2.5. Summary
A wealth of rheo-SANS literature has focused on semi-dilute WLM solutions over a range of surfactants

and compositions. Shear induces strong micellar alignment that may result in flow instabilities such as
shear and vorticity banding, or for the case of highly-branched network micelles, shear-induced phase
separation. This alignment is detectable using 1-3 plane SANS, where the gap averaged microstructure is
measured, or using spatially-resolved 1-2 plane SANS, which can detect flow heterogeneities as a function
of gap position. The 1-2 plane shear cell experiments enable gradient shear banding flow instabilities to
be detected, which have shown to be mitigated by the introduction of branching. In the 1-3 plane, new
experimental methods that combine light and neutron scattering with time resolution enable alternating
shear and vorticity bands to be detected. Time-resolved 1-2 plane measurements have further advanced
the study of flow instabilities, by helping to elucidate the mechanism of shear band formation. Shear-
induced micelle breakage and branching are implicated as underlying mechanisms for the highly non-linear
rheological behavior characteristic of these semi-dilute WLM solutions.

5.3. Concentrated WLM solutions near the I-N transition
Only a limited number of WLM solutions in the concentrated regime have been studied using rheo-

SANS (Table 1). These systems undergo a shear-induced isotropic to nematic (I-N) transition, as at slightly
higher concentrations, the equilibrium state is nematic. The shear-induced I-N transition drives shear band-
ing, where the high shear band is para-nematic and the low shear band is primarily isotropic. This transition
is believed to result from flow-concentration coupling, where the nematic band is of higher concentration
than the isotropic band [66, 63]. This concentration-coupled shear banding distinguishes concentrated sys-
tems from semi-dilute systems, where the shear banding is not associated with concentration gradients [26].

5.3.1. 1-3 plane rheo-SANS
The first concentrated system to be extensively studied using rheo-SANS was CPyCl and hexanol in

brine (30 - 38 % wt) [65, 67, 66, 68]. The solutions are nematic at rest when φ ≥ 35.2 % wt [65]; however,
the 35.2 % wt solution aligns further under shear and is maximally ordered when P2 ≈ 0.7. In the 31 %
wt solution, Roux et al. [66] observed that the 2-D SANS pattern under shear in the shear banding regime
contained scattering elements of the isotropic pattern superimposed with elements of the nematic pattern.
The superposition of these microstructures in the 1-3 plane SANS patterns was used as evidence of flow-
concentration coupling [65, 68]. The authors noted that as the shear rate was increased, the q-position of the
isotropic ring shifted to lower q-values, suggesting a lower concentration in the low shear band [65]. Using
several 1-3 plane measurements across the shear banding regime, the authors estimated the proportion of
the isotropic and nematic phases based on the 2-D isotropic and nematic contributions to the scattering. In
shear banding WLMs, the proportion of material in the high and low shear bands is expected to increase
linearly with shear rate [88, 102]; however, the results presented by Berret et al. [68] do not follow this
simple scaling. Interestingly, when the shear rate was normalized by the stress, a linear relationship was
seen between proportion of material in each band and shear rate. The calculated order parameter of the
estimated nematic contribution remained constant in the two-phase region (P2 ≈ 0.65), leading the authors
to conclude that only an increasing proportion of the nematic phase could lead to the observed increase in
anisotropy with increasing shear rate [68]. During the time of these studies, spatially-resolved 1-2 plane
measurements were not available to determine the band width dependence on the shear rate.
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A similar methodology was employed in rheo-SANS measurements of CPClO3 solutions (20% - 37%
wt) in NaClO4 [51], where the 37% wt sample was nematic at rest. Qualitatively similar results to those of
Roux et al. [66] were obtained when the relative anisotropy of the nematic phase was calculated as a function
of shear rate, which was again found to be non-linear. The authors also demonstrated that the critical shear
rate for the onset of shear banding decreased with increasing concentration, as any increase in concentration
moves the solution in question closer to the nematic phase boundary on the phase diagram. A final study
was performed using 1-3 plane rheo-SANS with complementary flow-birefringence measurements on a
concentrated CTAB solution (φ = 18% vol) [62], where the nematic phase was observed at φ ≥ 19.5 %
volume. Again, a non-linear relationship was observed between shear rate and anisotropy. The proportion of
the nematic phase calculated from the 2-D SANS was linear only at low shear rates. Further, the calculated
percentage of nematic phase greatly deviated from the flow-birefringence measurements of the shear band
width. It is worth noting that flow-birefringence measurements detect the width of the bright and dark
phases, or width of the high and low shear bands. In the case of concentration coupling, a linear relationship
may not be expected between band width and shear rate, as the concentration in each band may differ.

It must be noted for all three of these systems that the 2-D SANS patterns in the 1-3 plane represent
a convolution of the microstructures in the two phases in space (across the gap). While the 1-3 plane
measurements were the best available at the time, the simple assumption necessary to calculate the relative
anisotropy from the 1-3 plane data in each of these cases was not sufficient to accurately determine the
proportion of each phase. This is evidenced by the discrepancy between the flow-birefringence and 1-3
plane SANS results in the aforementioned CTAB solution. Additionally, later measurements using the 1-
2 shear cell showed that the proportion of each phase was linearly dependent on the shear rate [25], as
expected from theory. These measurements also showed that the order parameter in the nematic phase was
not constant, as proposed by Berret et al. [68]. Instead, the alignment in the high shear rate band increased
with shear rate, thus invalidating the previous assumptions used to calculate the band width from the 1-3
plane data. These 1-2 plane SANS measurements will be discussed further in the next section [25].

Time-resolved measurements in the 1-3 plane were also performed in concentrated, reverse micelle
solutions of water and lecithin near the I-N transition [85, 86]. Unlike in typical 1-3 plane results, the
time-resolved measurements showed that the angle of orientation was often non-zero and oscillated with
regard to the applied strain for shear rates inside of the shear banding regime. Due to the symmetry of the
1-3 plane method, the authors explained that the average micellar orientation was driven by the flow that
must fluctuate out of the shearing plane to obtain non-zero angles. The authors attributed these results to a
tumbling instability and out-of-plane kayaking modes, which is consistent with theory for sheared, nematic
liquid crystals. These results are also supported by 1-3 plane measurements in concentrated CPyCl/Hex
(35.2% wt), where tumbling was also concluded [67]. While Berret et al. [67] did not use time-resolved
measurements, they observed a thin isotropic scattering ring in the tumbling regime, which is consistent with
a time-convolution of the tilted, out of plane microstructures observed by Angelico et al. [86]. Angelico
et al. [86] also experimentally observed that the strain period was not dependent on shear rate, in line with
theory. While the authors could not rule out vortices in the high shear band or an unstable band interface
as the source of the fluctuations, they postulated that the observed time-evolutions of the order parameter
and angle represented a periodic transition between in-plane tumbling and out-of-plane kayaking, which
sustained the unstable motion of the nematic director.

5.3.2. 1-2 plane shear cell determination of flow-concentration coupling
In order to determine characteristics of shear banding and non-shear banding systems, Helgeson and

co-workers performed 1-2 plane measurements on concentrated CTAB solutions (15% - 21% wt) [24, 25].
These 1-2 plane measurements are performed with spatial resolution, such that different positions across
the Couette shear cell gap may be examined. Two CTAB solutions were compared to show the differences
in the shear-induced structures as a function of gap position in shear banding (16.7% wt, 32 ◦C) and shear
thinning (15.6% wt, 30 ◦C) solutions [24]. Steady shear rheology and rheo-PIV measurements confirmed
the shear thinning and shear banding behavior. The 1-2 plane SANS measurements were performed at
five gap positions and five shear rates for each solution, in its respective shear thinning or shear banding
regime. The 2-D SANS results are visually similar to those observed in semi-dilute solutions [16, 26, 27, 28]
and seen in Figure 4: a large, discontinuous decrease in the anisotropy from the inner to outer wall is
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indicative of shear banding, whereas a continuous and relatively minor change in anisotropy across the gap
is indicative of shear thinning. In the shear banding solution, the high shear band material became more
nematic-like with increasing shear rate, and the low shear band material also increased slightly in alignment.
However, in the shear thinning solution, even the most highly aligned state clearly exhibited an isotropic
ring despite measurable alignment, confirming the absence of shear banding.

The alignment factor and alignment angle were calculated as a function of gap position for each solution.
The location of the shear band interface was then determined from rheo-PIV measurements, enabling a
critical alignment factor, A∗f , and alignment angle, φ∗0, to be determined [24]. At the shear band interface,
the critical alignment factor was A∗f = 0.18 and the critical angle was φ∗0= 17◦. These critical values appear
to be independent of surfactant and concentration [16, 26, 29]. Not surprisingly, the alignment factors for
the shear thinning solution did not exceed the critical alignment factor required for shear banding, and only
two measurements contained an angle less than the critical angle [24]. An additional study was conducted
on the shear banding solution using 1-2 plane SANS, rheo-PIV, and flow-birefringence [25]. It was in this
work that the stress-SANS rule given by Equation 3 was derived, based on the Giesekus-diffusion model. By
combining the 1-2 plane measurements with rheo-PIV, Helgeson et al. [25] confirmed a linear relationship
between shear rate and the proportion of material in each shear band, as predicted by theory [102].

5.3.3. 1-2 plane USANS verification of flow-concentration coupling
To directly measure and confirm flow-concentration coupling in concentrated shear banding solutions,

additional 1-2 plane measurements were performed by Helgeson et al. [63] using transmission measure-
ments by ultra small angle neutron scattering (USANS) on the shear banding CTAB solution (16.7% wt, φ
= 0.196 by volume) [63]. In small angle neutron scattering experiments, the transmission of the surfactant
solution can be directly related to its volume fraction by:

T = exp[−t(∆σs12φ+ Σ′a)]
(5)

where φ is the volume fraction, t is the sample thickness, ∆σs12 is the difference in the incoherent scattering
cross section between scattering objects and the surrounding medium, and Σ′a is the incoherent scattering
cross section.

As the low-q scattering of WLM solutions is known to increase under shear, an accurate transmission
measurement is not currently possible using typical 1-2 plane SANS methods. USANS accesses much
smaller length scales, enabling the increase in low-q scattering to be separated from the material transmis-
sion. In a flow-concentration coupled system, the transmission in the shear banding regime should be the
lowest at the inner wall (high shear band) and highest at the outer wall (low shear band), indicating a higher
concentration in the high shear band than in the low shear band. Integration of the concentration profile
across the gap is used to validate the method, as the average surfactant concentration is independent of
shear rate by conservation of mass.

Transmission measurements were performed in the 1-2 shear cell at five gap positions, both at rest and
at five shear rates [63]. A narrow slit was used to access the different gap positions, such that the method
is known as scanning narrow aperture flow-USANS (SNAFUSANS). The transmission as a function of
gap position and shear rate can be seen in Figure 6a. As expected, the transmission of the sample at rest
was independent of gap position. The sample transmission at shear rates prior to and beyond the shear
banding regime was also independent of gap position, as expected for solutions of uniform concentration
(Figure 6a). However, at the shear rates measured within the shear banding regime (denoted by color in
Figure 6a), the transmission steadily increased as a function of gap position, with an average transmission
equal to the transmission at rest. In Figure 6b, the concentration at each gap position for each shear rate
was then calculated based on the transmission results. As seen in Figure 6b, at the shear rate where the
greatest concentration change was seen, a volume fraction difference of ∆φ ≈ 0.07 was observed between
the inner and outer walls [63]. Combined with rheo-SANS and flow-PIV, these results enabled constructing
the first non-equilibrium state diagram for concentrated WLMs exhibiting shear banding [24]. While still
under development, the SNAFUSANS technique enabled a direct measurement of the WLM transmission,
and therefore concentration, under shear for the first time, helping to confirm flow-concentration coupling
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Figure 6: SNAFUSANS transmission measurements and resulting concentration differences during shear banding in 16.7% wt
CTAB. a) The transmission measurements at five gap positions and five shear rates. Outside of the banding regime (γ̇=10 s-1,
γ̇=1500 s-1), the transmission is independent of gap position. At the three shear rates in the banding regime, the transmission
steadily increases as a function of gap position. b) Calculated volume fraction as a function of gap position and shear rate. At the
shear rates outside of the banding regime, the concentration is constant across the gap. Within the banding regime, the concentration
is highest near the inner wall (high shear band) and lowest at the outer wall (low shear band), indicating concentration-coupled
shear banding. Reprinted from reference [64].

in concentrated shear banding systems. A follow-up study was conducted on a semi-dilute, shear banding
solution of CPyCl/NaSal [26], used in several previously mentioned works [55, 16, 27]. As this solution
is semi-dilute (φ = 0.066 vol) and far from the isotropic to nematic transition, concentration-coupled shear
banding is not expected. The same SNAFUSANS method was performed on this solution. As expected,
no evidence of concentration-coupled shear banding was observed and the measured transmission was not
correlated to the gap position [26].

5.3.4. Summary
Few concentrated wormlike micellar solutions near the isotropic-to-nematic transition have been stud-

ied using rheo-SANS methods. Due to the proximity of the solutions at rest to the I-N transition, applying
shear induced an I-N transition, where the critical shear rate for the onset of the transition decreased with in-
creasing concentration and proximity to the phase boundary. These solutions exhibit concentration-coupled
shear banding during the I-N transition, where the high shear band is more concentrated than the low shear
band. While several works calculated the shear band width based on 1-3 plane measurements alone, 1-2
plane measurements were essential to accurately determine the band width. Finally, direct SNAFUSANS
measurements of the spatially-dependent transmission were able to confirm flow-concentration coupled
shear banding in these solutions.

6. Large amplitude oscillatory shear (LAOS) Rheo-SANS

The natural extension for rheo-SANS investigations into WLM rheology is to move from steady and
step transient deformations to time-periodic measurements in the nonlinear regime, such as large ampli-
tude oscillatory shear (LAOS). In LAOS, the applied strain is sinusoidal and the applied strain rate is co-
sinusoidal, as seen in Figure 7a. This allows the separation of the elastic and viscous contributions to the
stress response of the WLM by systematically varying the frequency and amplitude of the applied defor-
mation. At sufficiently small strain amplitudes, the resulting stress response is sinusoidal in time (linear
viscoelastic regime), where classical elastic, viscous and viscoelastic responses can be seen in Figure 7a.
The stress response of a purely viscous (Newtonian) fluid is in phase with the applied strain rate, γ̇(t),
and the response of a pure elastic (Hookean) solid is in phase with the applied strain, γ(t) (Figure 7). In
the deformation domain (Figure 7b), this translates to a straight line in the elastic projection of the 3-D
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Lissajous-Bowditch diagram (top) for an elastic solid, and a straight line in the viscous projection (bottom)
for a viscous fluid. A viscoelastic fluid displays an elliptical response. Reviews of experimental methods
and analysis for LAOS provide detailed information [103, 104].

Figure 7: Large amplitude oscillatory shear (LAOS) and analysis. a) The applied strain and strain rate are sinusoidal and co-
sinusoidal in time (top), and the resulting linear regime stress responses in time (bottom). A response in phase with the strain is
a classical elastic response, and with the rate is a viscous response; phase shifted responses are viscoelastic. b) Elastic (top) and
viscous (bottom) Lissajous-Bowditch curves of the linear stress responses, where the stress is analyzed in terms of the strain and
the strain rate. The linear responses represent classical elastic (top) and viscous (bottom) behaviors. c) Microstructure or alignment
factor responses that display elastic (top) and viscous (bottom) behavior through the oscillation. In each case, the alignment factor
closely follows the phase and shape of the magnitude of the applied deformation, as Af is a positive scalar quantity. In this WLM
solution, the Af response is elastic at high De and viscous at low De for the same maximum shear rate, as is expected.

LAOS responses can be categorized by the dimensionless groups applicable to the solution. The Debo-
rah number (De = τRω) and Weissenberg number (Wi = τRγ̇) are the dimensionless frequency and shear
rate that characterize the applied oscillation, respectively, where ω is the applied angular frequency of the
oscillation and τR is the material relaxation time. Under LAOS, the stress response is time-periodic, but
no longer sinusoidal. However, aspects of this analysis may still be used to interpret LAOS microstructural
responses, as seen in Figure 7c. Here, at a high Deborah number (top), the alignment factor of the WLM
solution throughout the oscillation is in phase with the magnitude of the applied strain and has a similar
shape, indicating elastic-like behavior. Conversely, at a much lower Deborah number (bottom), the align-
ment factor phase and shape are similar to the magnitude of the applied strain rate, indicating fluid-like
behavior. The ideas presented in Figure 7b and 7c have been used along with other methods to interpret the
stress and microstructure response of WLMs under LAOS, which will be discussed below.

6.1. WLM solutions - CPyCl, CTAT/SDBS, PB-PEO block copolymers

Rheo-SANS analysis of wormlike micelles under LAOS is limited. These WLM solutions include the
two previously mentioned semi-dilute solutions of 6 % wt CPyCl/NaSal in brine [55, 16] and the 1.5%
wt CTAT/SDBS solution with 0.05% wt NaTos [29], along with semi-dilute WLM solutions composed of
50-50 PB-PEO block copolymer constituents, ranging from 0.5% to 2.0% wt. In all of these works, the
alignment factor or P2 order parameter was examined as a function of time during the LAOS oscillation
and related back to the rheological stress response and applied deformation. Results were also compared to
the steady shear case to relate the dynamic and steady WLM microstructures.
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6.2. 1-3 plane rheo-SANS LAOS measurements
Rogers et al. [55] examined a 6 % wt CPyCl solution using 1-3 plane rheo-SANS to elucidate the rela-

tionship between the time-dependent rheological stress and micellar orientation P2. The authors examined
several frequency (De) and shear rate (Wi) domains. Under steady shear for Wi < 1, the stress-orientation
relationship was found to be quadratic, as predicted by the Giesekus model. In the low frequency and
low rate amplitude regime (De << 1, Wi < 1), the authors expected, and confirmed, the same quadratic
stress-orientation relationship. Conversely, in the low frequency and high rate amplitude regime (De << 1,
Wi = 5.7), a complex relationship between the stress and P2 was observed. At decreasing shear rates, a
linear relationship between stress and orientation was observed that mirrored the steady shear limit, indi-
cating viscous flow (as discussed in Figure 7); however, the overall stress-orientation relationship could not
be described by one function. Interestingly, the authors show that the dependence of the stress and P2 on
the shear rate contains similar shapes and features, further indicating shear rate-dependent behavior, which
has been confirmed in other WLM solutions under LAOS [71]. In the high frequency regime (De > 1), the
observed stress responses of the solution were elliptical and could be described by a single-mode Maxwell
model. At Wi = 5.7 for frequencies where De > 1, the orientation parameter was linearly dependent
on the applied strain for much of the oscillation indicating an elastic strain-dependent response (Figure 7),
unlike the viscous response observed at lower Deborah numbers.

Figure 8: Order parameter (a) and stress (b) dependence on the strain, which both show linear behavior during portions of the LAOS
cycle. The resulting stress-orientation relationship (c) also shows a linear relationship through portions of the cycle, indicative of
elastic behavior and static yielding after 10 strain units, as shown in (b). Reprinted with permission from reference [55].

Lastly, an intermediate frequency range was examined (0.5 ≤ De ≤ 1) at Wi = 5.7, shown in
Figure 8. A linear relationship was observed between P2 and the strain (Figure 8a), the stress and strain
(Figure 8b), and the stress and orientation (Figure 8c) during portions of the oscillation, indicating elastic
behavior. While the elastic Lissajous-Bowditch projections shown in Figure 8b are more complicated than
the example shown in Figure 7b, the authors used the same analysis to explain the elastic behavior during
the linear regions of the projections. As this elastic phenomenon occurred over ten strain units in each
LAOS condition (Figure 8b), the authors attributed the behavior to static yielding. Higher strains resulted
in viscous flow. They also observed ‘over-orientation’ directly following the yield point, where the LAOS
order parameter was greater than that observed under steady shear. Based on the additional microstructural
information gained by simultaneously measuring the segmental alignment and the shear stress, the authors
concluded that: in the low shear rate regime, the material response is primarily rate-dependent; in the
intermediate regime, the response is primarily strain-dependent; and in the high frequency regime, the
response is Maxwellian. Rogers et al. [55] acknowledge that the 1-3 plane approach is limited by the
inability to calculate an angle of orientation or determine spatial heterogeneities. The authors note that
the solution in question is predicted to shear band under LAOS at these conditions [105] and use this in
their interpretation. However, the same solution under similar LAOS conditions was shown not to shear
band by Gurnon et al. [16] using 1-2 plane SANS, which will be addressed below. A similar analysis of
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the frequency-dependent phenomena during LAOS was reported by Lonetti et al. [83] in PB-PEO block-
copolymer WLMs, where the authors used a Fourier decomposition to analyze the order parameter and
stress. As was seen by Rogers et al. [55], with increasing frequency, the solution behavior transitioned from
fluid-like to elastic-like, whereas elastic to viscous transitions were observed with increasing shear rate.

6.3. 1-2 plane shear cell examinations of shear banding under LAOS
The majority of rheo-SANS experimental work on shear banding has focused on shear banding under

steady shear flow and shear startup [24, 25, 26, 27]; however, shear banding and related flow instabilities
have been predicted under LAOS [91, 105, 106, 107]. Adams and Olmsted [91] and Zhou et al. [105] have
adapted constitutive models to identify Deborah number and Weissenberg number conditions for transient
or steady state banding in concentric-cylinder Couette flow during LAOS. Other works have predicted
shear banding or similar instabilities under LAOS by showing that a material may act simultaneously as
a fluid and elastic solid during the cycle, depending on the gap position [106, 107]. Until recently [29],
experimental verification of shear banding under LAOS was limited to rheo-PIV measurements in a cone-
and-plate geometry [108, 109, 110, 111]. Dimitriou et al. [111] measured WLMs under LAOS, and in these
studies, shear banding was concluded at the onset of non-linearity (De < 1, Wi < 1).

The model predictions of Adams and Olmsted [91] and Zhou et al. [105] assumed concentric-cylinder
Couette flow, thus 1-2 plane shear cell measurements of WLMs under LAOS provide a more useful com-
parison with these theoretical results than the cone and plate measurements. Recent experimental work by
Gurnon et al. [16] examined the same CPyCl/NaSal solution under LAOS as was examined by Rogers et al.
[55], using spatially-resolved 1-2 plane SANS as opposed to 1-3 plane measurements. Two of the con-
ditions explored had maximum shear rates during the oscillatory cycle that exhibited shear banding under
steady shear (Wi =1.2, 2.3), which was confirmed with 1-2 plane steady shear measurements. Of these two
conditions, one condition was not predicted to shear band under LAOS, while the other was on the border
of the shear thinning and shear banding regimes [105]. Interestingly, the non-shear banding condition under
steady shear (Wi = 23, region III) was well within the predicted shear banding regime under LAOS (De
=2.3, Wi =23).

Surprisingly, Gurnon et al. [16] did not observe shear banding at any condition, but rather were able to
access metastable homogeneous states conceptually predicted by the constitutive equation. In the condition
predicted to show LAOS shear banding, the alignment factor was greater than the critical value for shear
banding [24] at nearly every time point within the oscillation at both positions. The changes in alignment
between the inner and outer wall were minor, indicative of shear thinning in region III. In the other two
conditions, the alignment factor was always below the critical condition throughout the oscillation, con-
firming the absence of shear banding. The stress-SANS rule was also used to reconstruct the stress from
the alignment factor in each condition. The stress reconstruction yielded favorable results to the measured
stress for the majority of the oscillation cycle at low Weissenberg numbers; however, the stress reconstruc-
tion at the highest Weissenberg number showed significant deviations. Consistent with the results for steady
shear at the corresponding maximum dynamic shear rate, a shear-rate dependent stress-SANS coefficient
that was an order of magnitude larger than calculated at low Wi was required to give reasonable results.
Again, complementary rheo-light scattering results demonstrated longer length scale fluctuations were ev-
ident at the highest stress states, which corresponded to length scales not probed by SANS. Gurnon et al.
[16] concluded that LAOS deformation enabled the exploration of metastable states of homogeneous flow
that were inaccessible under steady shear where shear banding occurs. Recent modeling work by Ger-
mann et al. [112] connects much of the observed behavior under LAOS to a model that explicitly includes
shear-induced micellar breakage.

Calabrese et al. [29] examined LAOS shear banding near the end of the shear banding regime (region II
into region III) for a branched, semi-dilute CTAT/SDBS system. The flow curve of this solution indicated
shear banding up to Wi = 100 and was similar to that produced by the Vasquez-Cook-McKinley (VCM)
model parameters in the work of Zhou et al. [105]. Therefore, the conditions where shear banding under
LAOS was predicted were expected to be experimentally verified in this system. Steady shear 1-2 plane
measurements were performed at eight shear rates to verify the shear banding regime. New time-resolved
data analysis and processing techniques were then used for the LAOS measurements to significantly en-
hance the data resolution [71]. Seven LAOS conditions were then examined at shear rates near the end
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of the shear banding regime and into region III (Wi = 64 to 113). In all but one of these conditions, the
solution exhibited shear banding at the equivalent shear rate under steady shear deformation. Two unique
mechanisms of shear banding under LAOS were identified. In LAOS cycles at low frequencies (De < 0.3),
the shear banding resembled that of the steady shear case. Calabrese et al. [29] attributed the similarities to
the long LAOS cycle, which allowed the material to fully relax through the oscillation to achieve its steady
state microstructure and alignment. At intermediate frequencies (0.3 < De < 0.6), a metastable form
of shear banding was reported, where the same ‘over-orientation’ seen by Rogers et al. [55] was observed
when the LAOS alignment was compared to the steady shear alignment. The authors showed that at these
conditions, the faster oscillation period led to incomplete material relaxation during the oscillation cycle,
thereby trapping the outer shear band in a state of over-orientation. However, the oscillation period in these
cycles was still long enough to allow for partial relaxation and shear band formation. At higher frequencies
(De > 0.6), the fast oscillation cycle prevented material relaxation during the course of the oscillation,
yielding an over-oriented, non-shear banded state at all gap positions. In total, shear banding was observed
in four of the seven conditions, in excellent agreement with the VCM model predictions [105]. The results
confirmed that shear banding under steady shear is required, but may not result in, LAOS shear banding,
and that over-orientation may occur with or without shear banding.

6.4. Summary

While few studies have examined the microstructure of WLMs under LAOS, advances have been made
using both 1-3 plane and spatially-resolved 1-2 plane rheo-SANS. As LAOS experiments must be repeated
over many cycles to achieve proper statistics, triggering and time-stamping acquisition methods have been
recently improved to reduce acquisition time [71]. The 1-3 plane rheo-SANS experiments are less time
consuming due to the wider slit aperture, and yield interesting structural-flow relationships [55]. However,
the nature of 1-3 plane SANS excludes the study of shear banding and other spatially-dependent flows, as the
WLM microstructure is averaged across the gap in the 1-3 plane experiments. Using the 1-2 plane shear cell
on shear banding WLMs provides key spatial information, which has enabled shear banding under LAOS
to be experimentally verified in WLMs in Couette flow for the first time [29]. Importantly, rheo-SANS
measurements enable critically examining structure-property relationships under dynamic conditions and
states that are not accessible under steady shear. While some conflicting results between experiment [16]
and theory exist [105], advances in constitutive equations that account for micellar breakage and reformation
dynamics under shear flow promise to capture the dynamic coupling between microstructure and flow-
induced structure, and its dependence on both WLM topology and processing conditions.

7. Results from non-standard flow cells

Several works have compared results from rheo-SANS experiments in the Couette geometry to other
geometries, such as pipe flow (laminar and turbulent) [34], contraction-slit flow [41, 42], extensional flow
[31, 32], and others. In the majority of these non-standard geometries, a similar anisotropy was observed
under flow as seen in concentric cylinder Couette flow: broad, ovular anisotropy for dilute, rodlike solutions
and butterfly-like anisotropy for semi-dilute, wormlike solutions. Similar differences in the parallel and
perpendicular intensities were also observed [40, 36]. Solutions that exhibited butterfly-like anisotropy in
laminar flows showed a transition to the broad ovular anisotropy in turbulent flows [37, 38]. This result
is indicative of micellar breakage at high Reynolds number, and a return to short, rodlike micelles. At
very high Reynolds numbers, the solutions became highly turbulent and returned to the isotropic state, as
indicated by overlaying parallel and perpendicular intensities [40].

In the extensional flow and contraction-slit flow experiments, spatially resolved measurements were
taken at a variety of positions along the flow field [31, 42]. Penfold et al. [31] studied a mixed micellar
system of CTAB and C16E6 in a cross-slot extensional flow cell. The authors noted that significant align-
ment was achieved at much lower flow rates under extensional flow than under shear flow, and that at high
shear rates, the anisotropy decreased due to the introduction of turbulent flow. The spatially-resolved 2-D
SANS patterns from the cross-slot flow cell can be seen in Figure 9, which illustrates the level of spatial
detail afforded by these measurements. The micellar alignment and angle are highly dependent on position
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Figure 9: 2-D anisotropic scattering patterns (R) of extensional flow experiments, mapped across the cross-slot cell aperture
(illustrated, L). The WLMs at the center stagnation point (10, 10) show the highest degree of ordering, consistent with strong
extensional deformation at this position. Further from the stagnation point, the micelles become considerably less aligned, and the
measurable alignment angle can be used to map the flow field. Reprinted with permission from [31]. Copyright 2006 American
Chemical Society.

within the cell aperture, where the strongest alignment is seen at the center stagnation point (10, 10), which
corresponds to pure extension. Further, as WLMs strongly align in the flow direction, the spatially-resolved
results can be used to map the flow field, which was also done by Lutz-Bueno et al. [42] for CTAB solutions
in contraction-slit flow.

8. Outlook

This brief overview of rheo-SANS studies demonstrates some of the valuable insights gained about
the broad range of shear-induced microstructural changes coupled with, and responsible for, the nonlinear
steady and dynamic rheology of wormlike micellar systems. As with polymers, entangled WLM solutions
exhibit strong flow-alignment, resulting in shear thinning and a positive first normal stress difference. How-
ever, shear-induced topological changes manifest a much richer flow behavior, including shear-induced
growth leading to shear induced structure (SIS) and shear thickening, shear-induced breakage leading to
shear banding (SB), shear-induced branching leading to shear induced phase separation (SIPS), and shear-
induced phase transitions coupled with concentration gradients. Throughout, rheo-SANS provides critical
and unique structural information about micellar orientation, concentration, and state-of-aggregation on
length scales of direct relevance to the macroscopic rheology. Importantly, this plethora of system mi-
crostructural responses to an imposed shear flow often drive instabilities, the simplest of which, stable shear
banding, can be resolved by spatiotemporal resolution afforded by recent advances in 1-2 plane sample en-
vironments. Coupling rheology with SANS and allied methods such as particle image velocimetry and flow
visualization is critical for mapping the local kinematics as well as the local microstructure in such struc-
tured flows. Advancing this to include more complex flows such as extensions, contractions and expansions
will be invaluable for tailoring WLM solutions for applications. Work to date establishes many qualitative
and quantitative structure-property relationships, but the wealth of chemistries and commensurate WLM
topologies merits much future work and suggests new discoveries await.

Advances in our understanding of polymer rheology and constitutive equation modeling by methods
such as flow-birefringence were promoted by development of quantitative stress-optical rules. Advances
in constitutive equation modeling that can capture not only the elastic stresses of entropic nature, but also
topological changes including branching, breakage, and micellar growth will be required for developing ro-

23



bust stress-SANS rules. Non-linear coupling with the flow kinematics in rheologically relevant geometries
can be expected to lead to a wealth of instabilities of mechanical and thermodynamic nature, especially
when shearing solutions with composition in proximity to a phase transition. While shear banding can find
utility for some applications, for others, suppressing shear banding and related instabilities may be criti-
cal. Thus, research that identifies the underlying mechanism of nonlinear coupling can be used to control
WLM rheology and ultimately, such instabilities. Engineering WLM solutions for specific applications will
benefit from robust constitutive models that capture the wealth of WLM physical behaviors afforded by
their self-assembled nature, and which are validated for accuracy in predicting both macroscopic rheology
and microscopic structure in shear and more complex flows, such as those afforded by the advanced SANS
sample environments illustrated in this chapter.
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