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Abstract
In situ measurement of fluid structure during flow, e.g., by neutron scattering, is key to understanding the relationship
between structure and rheology. For some applications, structures at high shear rates previously unreachable are of
particular interest. Here, we report development of a flow cell slit rheometer for neutron scattering (μRheoSANS). The
devices were used to measure the structure of a semi-dilute surfactant solution of worm-like micelles during flow. Analysis
of the rheometry and scattering data allows isolation of the scattering signal from the high-shear, near-wall region of the
flow cell. The reported results agree with those from the existing Couette-based RheoSANS instrument. The worm-like
micelles exhibit an alignment transition at Weissenberg number (Wi) ≈ 1, coinciding with the onset of shear thinning. This
transition is followed by a peak in micelle alignment at a higher shear rate, after which the degree of alignment decreases
moderately. This technique can achieve higher shear rates than existing RheoSANS techniques, expanding the ability to
study the structure of complex fluids at elevated shear rates.
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Introduction

Complex fluids undergo deformation at extreme shear rates in
a variety of commercial processes such as spraying, coating,
syringe injection, filtration, oil extraction, lubrication, and ex-
trusion. Therefore, accurately measuring the flow properties
of fluids at deformation rates up to approximately 106 s−1 is
highly relevant and an important area of research. Two differ-
ent methods to generate high shear rates have proven

successful: (1) parallel plate geometries using very small gaps
(~ 30 μm) and (2) pressure-driven flow through small slits or
capillaries (Pipe et al. 2008) Advances in the manufacture and
design of microfluidic devices have resulted in the latter op-
tion becoming a popular way to measure fluid properties at
high shear rates (Hudson et al. 2015; Moon and Migler 2009;
Pipe and McKinley 2009; Squires and Quake 2005). The
small characteristic length scales used in microfluidic devices
(< 100 μm) also provide other advantages in comparison to
traditional macroscopic rheometric devices. For instance,
measurements can be made using smaller sample volumes,
and certain types of flow instabilities are more easily avoided.
Specifically, microfluidic channels allow for higher shear rates
to be reached while maintaining sufficiently low Reynolds
numbers to avoid inertially driven flow instabilities. Small an-
gle neutron scattering, when paired with flow and rheometric
measurements, has proven to be a useful tool for determining
how shear affects the microstructure of a wide variety of soft
matter systems (Eberle and Porcar 2012), including proteins
(Singh et al. 2009; Weigandt et al. 2011), liquid crystals
(Noirez and Lapp 1997), emulsions (Mason et al. 2006), nano-
particle dispersions (Krishnamurthy et al. 2003;Maranzano and
Wagner 2002), and numerous micellar systems (Gaudino et al.
2017; Liberatore et al. 2006; Lopez et al. 2015; Penfold et al.
2006; Takeda et al. 2011), among others.
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Worm-like and rod-like micelle solutions are a model sys-
tem for studying flow phenomena of non-Newtonian, visco-
elastic fluids (Bernheim-Groswasser et al. 2000; Berret et al.
2001; Koehler et al. 2000; Lindner et al. 1990; Lutz-Bueno
et al. 2013; Magid et al. 2000; Takeda et al. 2011; Walker
2001). Neutron scattering is particularly well suited to study
micellar systems due to the ability to resolve relevant length
scales and to vary or enhance contrast through use of isotopic
substitution. The contrast between D2O and the hydrocarbon
tail groups of the surfactant molecules generates a strong scat-
tering signal that allows data collection times to be relatively
short at each set of conditions. The particular surfactant sys-
tem studied here is a commonly used model (Amin et al.
2015; Vogtt et al. 2015; Zou et al. 2015) and is relevant in a
variety of commercial applications including detergents
and shampoos. We use a semi-dilute solution with a mono-
tonic stress vs shear rate dependence in an attempt to avoid
flow instabilities related to shear banding (Fardin et al.
2016; Fardin et al. 2014; Morozov and van Saarloos
2007) that would complicate data analysis.

Here, we describe the development of a device using a slit
capillary to carry out simultaneous rheological and micro-
structural characterization of complex fluids (referred to as
μRheoSANS) and compare the experimental results of
Couette and Poiseuille RheoSANS. The Couette geometries
currently used for RheoSANS techniques are limited to shear
rates of < 10,000 s−1, while capillary and slit rheometers like
the one described here can achieve wall shear rates 1–2 orders
of magnitude higher. We use a rectangular slit with a slit
height approximately 100 μm to make viscometric measure-
ments at relatively high shear rates, while simultaneously il-
luminating the flow path with a neutron beam to measure the
sample scattering and characterize how the microstructure of
the fluid sample changes during shear deformation. We eval-
uate the degree of alignment achieved over a range of shear
rate, as accessible in each geometry.

Materials and methods

The fluids used in this study are simple aqueous solutions
containing a sodium lauryl ether sulfate (SLE-3-S) surfactant
and various concentrations of sodium chloride to control the
micelle morphology. The sodium lauryl ether sulfate (nomi-
nally NaSO4(CH2CH2O)3 C12H25) under the trade name of
Steol CS-460 was obtained from the Stepan Company as an
aqueous solution with an active mass fraction of 60% and the
remainder being water (approx. 25% mass fraction), ethanol
(approx. 15% mass fraction), and a small amount of
unsulfated fatty alcohols (approx. 2.5% mass fraction). The
surfactant was used as received without any additional purifi-
cation steps. This surfactant is typically used for personal care
products and contains surfactant molecules with a distribution

of number of ethoxylate groups per molecule. Therefore, all
tested samples will list surfactant concentrations on a mass
fraction of active surfactant basis rather than mol/L, etc.
Reagent grade (> 99.0%) sodium chloride was purchased
from Fisher Scientific and used as received. All D2O was
obtained from Cambridge Isotope Laboratories, Inc. at
99.9% purity and used as received. Micellar solutions were
prepared by dissolving the required amount of NaCl in pure
D2O at room temperature and then subsequently adding the
surfactant solution to reach a final mass fraction of 1.15%
SLE-3-S active surfactant and (5 to 11) % mass fraction NaCl.

Type 48 linear flow cells designed for use in spectropho-
tometers were purchased from Starna Cells, Inc. The cell flow
paths are 33mm long, 8 mmwide, and available in a variety of
heights; this study was completed using cells with nominal
channel heights of 100 μm (Fig. S2 contains a schematic of
the flow cell geometry). The cells come with barb-style hose
connections, which were removed using a diamond saw to
create a flat sealing surface. A pair of custom flow adapters
was designed and use fluoropolymer O-rings to seal onto the
inlet and outlet of the flow cell. The remaining plumbing is
completed using standard compression fittings and 1/8″ OD–
1/16″ ID HDPE tubing. A pair of NE-1010 FW-1-X2 syringe
pumps was used to push the fluid through the flow cell at a
constant flow rate.

Pressure drops across the cell channel were monitored
using MPS microfluidic pressure sensors purchased from
Elveflow. A combination of 1 bar and 7 bar sensors was used
to maximize measurement sensitivity, which is 0.1% of full
scale for both sensors. The pressure sensors were placed as
close as possible to the inlet and outlet of the flow channel to
minimize the influence of the tubing pressure drop (approx.
50 mm of 1/16″ ID tubing separated the pressure sensors from
the inlet/outlet of the flow channel). Pressure drops across the
flow adapters and tubingweremeasured at all tested flow rates
using a specially designed bypass flow channel (33 mm long,
8 mm wide, 2-mm height) that provides a negligible contribu-
tion to the pressure drop. These pressure drops were then
subtracted from the pressure drops measured during experi-
ments to isolate the pressure drop across the flow channel
alone. Additional experiments were conducted using two
Newtonian fluids (deionized water and propylene glycol) to
determine the viscometric resistance of each flow channel and
compare it to the expected resistance for a channel with the
nominal channel dimensions. Details and data from these ex-
periments are available in the Supplementary Information.

RheoSANS and μRheoSANS experiments were carried
out at the NIST Center for Neutron Research using the NG7,
NGB 30 m, and NGB 10 m SANS instruments. RheoSANS
experiments were carried out using the standard Anton-Paar
MCR 501 rheometer with a Couette geometry specially de-
signed for RheoSANS consisting of a titanium bob (28-mm
diameter) and cup (30-mm diameter). Data was collected and
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reduced to absolute scale using standard NCNR protocols in
the Igor Pro software package (Kline 2006). Micelle align-
ment was calculated using annular averages of the 2D scatter-
ing patterns at 0.02 Å −1 < q < 0.03 Å−1. The annular averages
were fit to an even Legendre polynomial expansion model
where the second coefficient provides an alignment factor
(P2). All rheometric data not collected using the
μRheoSANS device was measured using an Anton-Paar
MCR 501 rheometer with various Couette geometries.

Results

Motivation and sample characterization

The central goal of this work is to demonstrate that a slit
capillary scattering cell can be used to accurately characterize
the rheological properties and fluid microstructure in a way
that can be compared to the large body of literature involving
simultaneous small angle scattering and rheological character-
ization. To establish this connection, the rheology and static
neutron scattering must first be explored to determine the mi-
celle properties. The worm-like micelle region was first
mapped out by varying the salt concentration at a fixed sur-
factant concentration (inset of Fig. 1a). Over a broad range of
compositions, worm-like cylindrical micelles are formed.
Changing salt concentration adjusts the effective shape of
the surfactant molecule by modifying the relative energy re-
quired to form the high-curvature endcaps of the cylindrical
micelle. The energy penalty for creating an endcap controls
the equilibrium micelle length and produces dramatic changes
in the solution viscosity (Porte et al. 1986). The dramatic
increase in viscosity at intermediate salt mass fractions arises
from entanglement of the micelles. At a critical salt concen-
tration (above 11% mass fraction; see Fig. 1a, inset), the vis-
cosity decreases again when the micelles become branched
(Calabrese et al. 2015; Gaudino et al. 2015). Further increas-
ing salt concentration results in more prevalent branching and
even lower viscosity. Eventually, precipitation or phase sepa-
ration occurs. At a mass fraction of 1.15%, the surfactant used
here becomes entangled at a salt mass fraction of ≈ 6% and the
zero shear viscosity peaks at ≈ 11% mass fraction, above
which the viscosity sharply decreases and precipitation is ob-
served at salt mass fractions ≥ 13%. We chose to use a sample
with a 1.15% surfactant mass fraction (CM,surf) and 8.0% salt
mass fraction (CM,salt) as our model system during initial test-
ing of theμRheoSANS device. This formulation is well below
the critical salt mass fraction where branching occurs. The
sample viscosity is sufficiently low such that the shear thin-
ning transition can be observed well beyond shear rates mea-
sured with traditional RheoSANS without exceeding the
torque limit of our syringe pump. Finally, the sample is weak-
ly entangled, implying that the micelles will undergo

appreciable alignment under shear, but without the presence
of a stress plateau that can result in shear banding for more
entangled micelle solutions (note: a stress plateau would ap-
pear as a power law slope of − 1 on a plot of viscosity vs shear
rate; the power law slope of this sample is only − 0.67).
Furthermore, the straight flow channel should aid in suppress-
ing the onset of elastic flow instabilities caused by curved
streamlines (Pakdel and McKinley 1996). However,
pressure-driven flow of non-Newtonian fluids in microfluidic
channels has been shown to cause a variety of spatiotemporal
flow instabilities that must be avoided or taken into account
during experimentation (Bécu et al. 2004; Haward et al. 2014;
Méndez-Sánchez et al. 2003; Salipante et al. 2017).

As such, the sample exhibits rheology typical of weakly
entangled worm-like living chains (Fig. 1). Specifically, in
steady flow, the fluid is Newtonian at low shear rates and shear
thinning at higher rates (Fig. 1a), and the linear viscoelastic
moduli (Fig. 1b) show the corresponding crossover from vis-
cous to elastic behavior. The longest relaxation time indicated
by the low-frequency crossover of moduli (at ω ≈ 7 rad/s)
corresponds to the onset of shear thinning in steady shear flow.
The rheological properties and associated longest relaxation
times of entangled micellar solutions are largely controlled by
micelle diffusion (reptation) and continual equilibration of the
micelle size (breakage and reformation) (Cates and Candau
1990; Rehage and Hoffmann 1991). Faster relaxation process-
es (such as a so-called breathing mode) are also active, and
these details manifest in features such as the frequency of a
local minimum of G″ at high frequency and in the shear thin-
ning slope of the flow curve. For our proposed model system,
oscillatory rheology provides us with values for the plateau
modulus (GN) and high-frequency minimum of the loss mod-
ulus (G″min) of 2.31 and 0.94 Pa, respectively. These rheolog-
ical features provide a measure of various structural and dy-
namic properties of the worm-like micelles. Applying Granek
and Cates’s (1992) formula for the micelle length:

L=leð Þ ¼ GN=G″minð Þ1:25 ð1Þ

where L is the number average micelle length and le is the
length between entanglements; the micelles in the sample
are thus moderately entangled, with L being greater than le.
In the present case, this formula is a rough approximation since
the frequencies associated with the crossover andG″min are not
widely separated. Higher frequency rheological data, which
could be obtained via diffusing wave spectroscopy, along with
use of Zou and Larson’s (2014) “pointer” simulation method
could be used for more accurate analysis.

To determine the persistence length of the micelles, quies-
cent neutron scattering covering a q range of 0.0014–0.7 Å−1

was used. Small angle scattering from dilute worm-like chains
is well understood (Higgins et al. 1994): at high q, scattering
intensity decays as q−4; a transition to q−1 dependence occurs
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at a q value corresponding to the diameter of the micelle.
Then, in ideal worm-like chains scattering, intensity transi-
tions to q−2 dependence below a q corresponding to the per-
sistence length of the chain segments. Finally, below a q cor-
responding to the coil size of the chain, scattering intensity
becomes independent of q. However, the overlap and entan-
glement of these worm-like micelles significantly affects their
scattering. To test whether the scattered intensity at lowest q is
limited by the micelle size or by the structure factor
(intermicellar interference), a range of surfactant concentra-
tions were tested using SANS (shown in Supplemental
Information). Decreasing the surfactant concentration should
decrease micelle size, with L ∝ c0.5 and below a critical sur-
factant concentration (C*

surf), the micelles do not experience
excluded volume effects, and the scattering structure factor is
equal to unity at all q (Pedersen and Schurtenberger 1996).
Persistence length (lp) is then determined by fitting the scat-
tering at a concentration <C*

surf to a flexible chain scattering
model (Pedersen 1997) while factoring in polydispersity in the
micelle contour length using a Flory-Schulz distribution.
Failing to include a logical polydispersity in contour length
would result in an overestimation of the persistence length due
to the suppression in low q scattering resulting from the pres-
ence of population of short micelles. Additional experiments
carried out at lower surfactant concentrations also indicate that
the persistence length does not vary with surfactant concen-
tration. For the model fluid, lp was found to be ≈ 28 nm.

Device evaluation

Particle image velocimetry (PIV) measurements were con-
ducted to measure the velocity profile across the width (8-
mm dimension) of the cell (Fig. 2), for wall shear rates ranging
from 120 to 3200 s−1. As required for accurate rheometry and
scattering analysis, the flow is indeed uniform across the
width, approximating planar flow between two flat plates in
the region probed by SANS. Information and a detailed dis-
cussion of flow conditions that can result in non-negligible
width-wise velocity gradients can be found in Salipante

et al. (2017). No measurable spatial or temporal instability is
observed in the flow cell.

In plane Poiseuille flow of non-Newtonian fluids, the ve-
locity profile (now in the gap or height direction) deviates
from the ideal parabola. Accordingly, true wall shear rates in
the slit rheometer were obtained through the Rabinowitsch
correction. Steady shear rheology measured using the
Couette RheoSANS and Poiseuille μRheoSANS devices
show excellent overlap across the approx. 2 orders of magni-
tude in shear rate accessible to both rheometers (Fig. 3). The
device can effectively measure steady shear viscosities that are
directly comparable to simple shear data collected at lower
shear rates.

Simultaneous SANS measurements conducted using the
device can be used to easily track changes in complex fluid
microstructure. Here, we track bulk micelle alignment as a
function of shear rate by quantifying the degree of scattering
anisotropy at a fixed q. However, the device could also be
used to track shear-induced colloidal cluster breakup
(Wilking et al. 2011), deformation (Chatterjee et al. 2014),
or other microstructural changes at SANS length scales. An
alignment factor was determined from a model fit of annular
measurements of the 2D scattering patterns (Burger et al.
2010). A transition from isotropic to anisotropic scattering
was observed in both rheometers (Fig. 3, bottom). The transi-
tion occurs at γ̇ ≈ 20 s−1 in the Couette geometry (red Xs in
Fig. 3, bottom) and γ̇ ≈ 100 s−1 in the Poiseuille geometry
(blue filled circles in Fig. 3, bottom). The alignment observed
in the slit rheometer is also lower than that of the Couette cell.
Alignment increases sharply above the critical shear rate and
reaches a peak alignment at approx. 600 s−1. Above this shear
rate, alignment then decreases to a plateau value. The
μRheoSANS alignment behaves as expected relative to the
RheoSANS because the microfluidic channel contains both
well-aligned micelles near the channel wall along with more
isotropic micelles near the channel center. In Couette flow,
there is an essentially linear velocity gradient in the gap be-
tween the two cylinders, resulting in the entire sample being
deformed at a nearly uniform shear rate (unless wall slip, shear

-0.63 

a bFig. 1 a Steady shear rheology at
22.5 °C for the studied system
along with (inset) the evolution of
zero shear viscosity as a function
of NaCl mass fraction. b
Oscillatory frequency sweep of
model micelle solution at 22.5 °C
at a strain amplitude of 1%
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banding, or other flow instabilities occur). The Poiseuille flow
in the μRheoSANS cell results in a distribution of shear rates
across the height of the channel with a maximum shear rate at
the channel walls and a shear rate of zero at the channel center.
SANS patterns collected with the neutron beam passing
through the full height of the channel (as done here) will be
convolutions of all the shear rates present in the channel.
Therefore, it is not useful to directly compare raw alignment
factors collected in these experiments to Couette RheoSANS
data for the same sample. However, Poiseuille flow is preva-
lent in a wide variety of industrial and biological processes,
and the μRheoSANS device could be used to characterize
flow profiles relevant to these applications. The flow cell pro-
duces very little background scattering over the full range of q,
and μRheoSANS measurement times are comparable to
RheoSANS experiments conducted in the flow and vorticity
planes. As with other neutron-based techniques, contrast-
matching could also be used to isolate scattering resulting
from specific constituents of multi-component systems. All
of which combine to result in a powerful tool for characteriz-
ing complex fluids undergoing Poiseuille flow.

The ability to isolate scattering from the high-shear, near-
wall region of the slit capillary would allow for a direct com-
parison of Couette and Poiseuille RheoSANS and greatly ex-
tend the range of shear rates that can be probed using neutron
scattering. As mentioned previously, continuous fluids under-
going pressure-driven flow experience a maximum stress at
the wall (τwall). From the wall, the stress decreases linearly to
zero at the center of the channel, as shown in Fig. 4. This
behavior holds for Newtonian, shear thinning, and shear
banding fluids and allows the velocity and shear rate profiles
for a fluid to be calculated if the steady shear rheology is
known and well behaved.

Using this relationship, a data analysis technique analogous
to those of Tang et al. (1984) and Fernandez-Ballester et al.
(2009) can be used to isolate the scattering resulting from the
high-shear, near-wall region of the flow cell by collecting

Fig. 3 Rheology and micelle alignment data from RheoSANS and
μRheoSANS experiments using a SLE-3-S micelle solution at 8% NaCl.
Reported μRheoSANS shear rates are wall shear rates and have been
corrected for non-parabolic velocity profiles. Flow curve data (top) from
the two techniques overlap for more than one order of magnitude and
strongly agree. After subtraction-based analysis technique, micelle
alignment plots for the two techniques also show good agreement; the
peak in alignment factor is even recovered following subtraction. For the
post-subtraction data, diamond symbols represent the wall shear rate, while
the horizontal bar indicates the range of shear rates present in the isolated,
near-wall scattering region. The μRheoSANS flow curve extends farther
than the corresponding alignment factor data because of volume limitations
of the syringes used in the experiments. The syringes contain enough
volume to measure a steady state viscosity at very high flow rates, but
larger syringes would be necessary to easily carry out a neutron scattering
experiment at those flow rates. The rheology data is shown to demonstrate
that the device is capable of reaching shear rates of O (100,000 s−1), but
SANS measurements are not yet feasible at those shear rates

Fig. 2 Width-wise velocity profiles on a normalized (a) and absolute (b)
velocity scale measured using particle imaging velocimetry at a variety of
wall shear rates. Note that the velocity profile here is not the velocity profile
across the height of the channel. Experiments show that fluid velocity is

essentially constant across the channel width, justifying the assumption of
approximately planar flow between two flat plates. Error bars on data points
represent standard deviations calculated using a 95% confidence interval
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scattering patterns at two different flow rates (Qn and Qn − 1),
where the wall stresses are τw,n and τw,n − 1. Since stress always
varies linearly from a maximum at the wall to zero in the
center of the channel and τw,n > τw,n − 1, the stress τw,n − 1 oc-
curs at some point in the stress profile of the higher flow
experiment. From that point towards the channel center, the
fluid’s shear rate profile will be the same as that of the full
channel in the Qn − 1 experiment, but confined to a fraction of
the channel height proportional to the ratio of the wall stresses,

τ ratio ¼
τw;n−1
�
�

�
�

τw;n
�
�

�
�

ð2Þ

The difference in the two scattering patterns is coming from
the near-wall region only. Using this relationship, the high-
shear, near-wall scattering pattern can be isolated using the
equation below:

I qx; qy
� �

near−wall
¼

1

1−τ ratio
I qx; qy
� �

n
−τ ratio I qx; qy

� �

n−1

� �h i

ð3Þ
where I(qx,qy)z is the scattering intensity at the point (qx,qy) for
flow rate z. Additionally, more detailed discussion of this sub-
traction analysis, with corresponding figures, can be found in
the Supplemental Information. We note the following caveat.
The results of this analysis technique would be inaccurate if
the sample scattering is a function of more than just shear
stress. For instance, flow-induced concentration gradients or
inertial migration of particle suspensions would not be
accounted for in this procedure. The technique also depends
on the assumption that sample scattering is not strongly affect-
ed by changes in the stress gradient across the channel, i.e.,
that the rheology is determined locally, by the local stress
alone. These abnormalities could beminimized by using small
variations in flow rate/wall stress, so that τratio is close to unity.
However, as τratio approaches 1, the signal-to-noise ratio in the
resultant scattering pattern will be greatly decreased, requiring
longer scattering experiments and better measurement

statistics to compensate (see Fig. S6 and associated
discussion in Supplemental Information). A collection of scat-
tering patterns for the high flow rate, low flow rate, resultant
near-wall scattering, and Couette RheoSANS scattering at an
equivalent shear rate are shown in Fig. 5.

Conducting this data analysis technique on the SANS pat-
terns obtained from our model system results in a distinct shift
in the alignment vs shear behavior (blue diamonds in Fig. 3,
bottom) when compared to that of the full channel (blue circles,
same plot). In the figure, the blue diamond symbols represent the
wall shear rate in the microfluidic channel, while the horizontal
bar indicates the range of shear rates present in the isolated, near-
wall scattering region. The experiments here were conducted
using a planned set of flow rates that would result in a stress ratio
≈ 0.8 for all subtractions. Therefore, the resulting scattering pat-
terns correspond to the structure from the sample located within
10 μm of the channel walls. This amount of overlap provides a
good balance between experimental beam time limitations and
the ability to isolate high-shear scattering. The optimum overlap
ratio will depend on the geometry of the channel, how strongly
the sample scatters, and the q range being probed.

After isolating the high-shear scattering, the alignment
vs shear behavior in the μRheoSANS data shows excel-
lent agreement with the RheoSANS data. Micelle align-
ment occurs at essentially the same critical shear rate, the
growth of alignment is similar, and the peak in alignment
is even recovered. Overall, the experiments demonstrate
that the subtraction data analysis technique is effective at
isolating the near wall scattering and can be used to re-
cover structural information similar to that obtained in
standard RheoSANS experiments.

Although they provide a powerful visual aid, the 2D
scattering patterns shown in Fig. 5 are difficult to directly
compare, despite being reduced to absolute scale and plot-
ted on identical color maps. Therefore, additional, 1D scat-
tering plots are shown in Fig. 6 to further illustrate the
ability of this analysis to provide scattering data that can
be compared directly to that collected using traditional
Couette RheoSANS geometries. It is important to note,
again, that all the scattering data shown in Figs. 5 and 6
are plotted on absolute scale, with no scaling factors used
to adjust the data post-reduction. Comparing circular aver-
ages of Couette RheoSANS data under static and shearing
conditions (Fig. 6a) demonstrates a commonly observed
reduction in overall scattering intensity in complex fluids
that align under shear. This occurs because anisotropic ob-
jects scatter more strongly in the direction transverse to
their length and under shear fewer micelle segments are
oriented in the velocity-gradient directions, reducing the
amount of transverse scattering in the radial beam path
and shifting that scattering intensity out of plane, and thus
undetected. Sector averages taken in the direction of align-
ment (Fig. 6a) show that the scattering at zero shear is

Fig. 4 Schematic of Poiseuille flow across the height of a microchannel.
Example velocity profiles shown for two cases: shear thinning and shear
banding fluids assumes a linear relationship between shear stress, τ, and
channel height, such that stress goes to zero at the midpoint of the
channel. This linear stress relationship is valid for both cases
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isotropic (no difference between circular and sector aver-
ages for 0 s−1) and that orientation strongly increases the
scattering perpendicular to the flow direction. This in-
crease in scattering perpendicular to flow (along with a
simultaneous and larger decrease in scattering parallel to
the flow direction) can also be seen when comparing an-
nular averages of the same data (Fig. 6b). Sector (Fig. 6c)
and annular (Fig. 6d) averages of a set of scattering pat-
terns in Fig. 5 (middle row) where γ̇ = γ̇wall = 260 s−1 illus-
trate the ability of the subtraction technique to isolate the
scattering from the near-wall, high-stress region of the
microfluidic channel with good quantitative agreement be-
tween Couette and Poiseuille flow geometries being
achieved when comparing all results on absolute scale.

The appearance of an alignment peak in both Couette and
Poiseuille flow geometries suggest that this feature is a shear
or stress-induced phenomenon and not simply the result of a
flow instability, and the resulting secondary flows. In most
literature studies, micelle alignment becomes saturated and
reaches a plateau value at elevated shear rates. There is at least
one case where a loss of alignment at highest rates has been
observed in worm-like micelles (Castelletto and Hamley
2006; Castelletto et al. 2007). In that case, the scattering
became completely isotropic after going through a range
of shear rates where alignment was observed. Interrogating
the cause of this alignment peak, along with its dependence
on sample composition and experimental conditions, is the
subject of ongoing research.

Fig. 5 Array of 2D scattering
patterns obtained at 0.009 Å−1 <
q < 0.084 Å−1 from μRheoSANS
and RheoSANS experiments
illustrating the results of the
subtraction data analysis. All
scattering patterns are reduced to
absolute scale and plotted using
the same color map. From left to
right, columns contain scattering
patterns of (1) raw scattering at a
given flow rate, (2) raw scattering
at a slightly lower flow rate where
the wall stress is approx. 80% of
the wall stress of the flow rate
from column 1, (3) scattering
pattern obtained from using
proposed subtraction technique,
(4) scattering patterns measured
using Couette RheoSANS at
shear rates comparable to the wall
shear rates isolated by the
subtraction technique. Rows are
ordered by nominal shear rate
with shear rate increasing from
top to bottom
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Discussion

A slit rheometer was used in conjunction with SANS
measurements to characterize the structure and rheology
of a non-Newtonian micellar solution. A data analysis
technique was used to isolate the scattering resultant
from the high-shear region of the flow channel, and these
results were compared to measurements taken of the
same fluid using a Couette RheoSANS device.
Following corrections for non-parabolic velocity profiles
and isolation of the near-wall scattering pattern, strong
agreement is found between the two techniques. The mi-
celles reached maximum alignment near a shear rate of
1000 s−1. This slit-flow μRheoSANS method is promis-
ing for future investigation of other interesting non-
Newtonian fluids, such as shear banding and shear-
thickening fluids. Current work is also underway to
greatly expand the capabilities of the current device to

increase (1) the maximum pressure the channel can con-
tain from ≈ 3.5 bar to 350 bar, (2) the maximum shear
rate the channel can probe from ≈ 1.5 × 105 s−1 to approx.
1.5 × 106 s−1 (depends on infinite shear viscosity of flu-
id), and (3) the ability to control sample temperature in a
range from 0 to 150 °C.
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Fig. 6 Circular, sector, and annular average plots on absolute scale for
selected Couette RheoSANS and μRheoSANS data. a Circular averages
of the WLM solution at rest and under Couette shear illustrate a decrease
in scattering intensity commonly observed in systems that align under
shear. b Annular averages of the scattering intensity for 0.02 Å−1 < q <
0.03 Å−1 (q range between two dashed lines in a) further illustrate the
decrease in overall scattering as the regions of depressed scattering are
much larger than the regions of increased scattering. c Sector averages
(sampling a sector 15° wide in the direction of alignment) of the scattering

patterns in Fig. 5 (middle row) where γ̇ = γ̇wall = 260 s−1 illustrate the
ability of the subtraction technique to reasonably isolate the scattering
from the near-wall, high-stress region of the microfluidic channel. d
Annular averages of these same scattering patterns further demonstrate
that, after using the analysis technique described in the text to remove
scattering contributions from the low-stress region of the channel,
quantitative agreement between Couette and Poiseuille flow geometries
can be achieved
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