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Complex fluids containing micelles, proteins, polymers and inorganic nanoparticles are often pro-
DOI:00.0000/000000000x cessed and used in high shear environments that can lead to structural changes at the nanoscale.
Here, capillary rheometry is combined with small-angle neutron scattering (SANS) to simultaneously
measure the viscosity and nanostructure of model complex fluids at industrially-relevant high shear
rates. Capillary RheoSANS (CRSANS) uses pressure-driven flow through a long, flexible, silica cap-
illary to generate wall shear rates up to 10° s~! and measure pressure drops up to 500 bar. Sample
volumes as small as 2 mL are required, which allow for measurement of supply-limited biological and
deuterated materials. The device design, rheology and scattering methodologies, and broad sample
capabilities are demonstrated by measuring a variety of model systems including silica nanoparticles,
NIST monoclonal antibodies, and surfactant worm-like micelles. For a shear-thinning suspension of
worm-like micelles, CRSANS measurements are in good agreement with traditional RheoSANS mea-
surements. Collectively, these techniques provide insight into relationships between nanostructure
and steady-shear viscosity over eight orders of magnitude in shear rate. Overall, CRSANS expands
the capabilities of traditional RheoSANS instruments toward higher shear rates, enabling in situ
structural measurements of soft materials at shear rates relevant to extrusion, coating, lubrication,
and spraying applications.

1 Introduction scattering instruments, commercially available rheometers with

The underlying structure of complex fluids can produce non- rotating concentric cylinder geometries are combined with small-

linear rheological responses under processing conditions such as
extrusion, coating, spraying, or lubrication. Many of these appli-
cations involve large fluid velocities in confined geometries, and
thereby generate large shear rates and shear stresses near the con-
fining wall. Complex fluids containing self-assembled micelles,
proteins, polymers, or inorganic nanoparticles can undergo re-
versible or irreversible structural changes at high shear rates and
shear stresses. Depending on the application, these changes may
be desired or alternatively lead to degradation of the product.

Various instruments have been developed to measure the
nanostructure and rheological properties of complex fluids un-
der different flow conditions. ¥ In traditional Rheo-small-angle
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angle neutron scattering (SANS), X-ray scattering (SAXS), or light
scattering (SALS) to simultaneously measure the sample rheol-
ogy and microstructure at a single shear rate within the narrow
gap 2710 These methods typically generate shear rates (7) from
y2 1073 s~ ! up to maximum shear rates of ~ 10> s~!. More re-
cently, a uRheoSANS instrument combined SANS and pressure-
driven flow within a thin, rectangular slit geometry to produce
higher shear rates.™ The 1RheoSANS device measures sample vis-
cosity at wall shear rates up to }, ~ 10° s~! and with simultane-
ous SANS measurements up to %, ~ 10* 5715 To our knowledge,
there are no instruments capable of measuring the rheology and
nanostructure of complex fluids at shear rates up to 10° s~ 1.

SANS techniques provide a non-destructive, in situ method
to measure the ensemble-averaged structure of complex fluids
in motion.BH6IZITIHIE The scattered intensity I(g) is measured
as a function of the scattering wavevector ¢ and provides time-
averaged structural information on length scales from approxi-
mately 1 nm to 100 nm. In particular, neutron scattering meth-
ods can probe the structure of multicomponent mixtures by per-
forming hydrogen-deuterium substitution to adjust the scattering
length density contrast between the sample and solvent.
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This work presents a capillary rheometer instrument suitable
for SANS measurements, termed Capillary RheoSANS (CRSANS),
which enables simultaneous measurement of rheology and nanos-
tructure of complex fluids up to shear rates of 10° s—!. We first
discuss the device setup, measurement methods, and adjustable
capillary configurations to optimize the shear rates and scatter-
ing volumes for a given sample viscosity. To demonstrate the
broad applicability, several model systems are measured with
CRSANS, including silica nanoparticle suspensions, NIST mono-
cloncal antibodies, and worm-like micelle (WLM) surfactant solu-
tions. The built-in capability to perform high-throughput sample
mixing and SANS contrast variation is also demonstrated. Lastly,
more detailed CRSANS measurements of WLM surfactant solu-
tions are compared with the rotating concentric-cylinder geome-
try (RheoSANS) and the rectangular-slit geometry (uRheoSANS)
to validate the rheological and nanostructural measurements.

2 Materials and Methods

2.1 Capillary rheometry

The setup and key components of CRSANS are summarized in
Fig.[I} In Fig.[Th, an incident neutron beam scatters off the silica
capillary coil (Fig.[Ip) that contains the flowing sample (Fig. [Ik).
Calculations of the shear stress and shear rate assume that the
flow field is axisymmetric at r = 0 and constant along the capillary
length axis z. Coiling the capillary increases the scattering volume
by a factor 2N,, in which N, is the number of circular loops. The
coil diameter D, ~ 30 mm is significantly larger than the capillary
inner diameter D ~ 0.1 mm, which limits the effect of curvature
on the sample flow profile.

IIncident
Ineutrons
1

Fig. 1 (a) Capillary RheoSANS (CRSANS) sample environment at the
NIST Center for Neutron Research NGB-10m SANS beamline. (b) Front
image of the capillary coil that is arranged perpendicular to the incident
neutron beam. (c) The fused silica capillary with horizontal flow of the
sample along the capillary z-axis.

The flexible capillaries were purchased from Molex (Polymi-
cro Capillary Tubing, type VS and TSP). Capillaries consist of
a fused silica wall and a thin polyimide coating (= 20 um) to
limit scratching and breakage of the silica wall. According to
the manufacturer, the interior fused silica surface should be mir-
ror smooth with a root-mean-square surface roughness less than
~ 7 nm. Capillary inner diameters (D) can range from 0.2 um
to 700 um, while outer diameters (OD) can range from approxi-
mately 360 um to 850 um. Tolerances in D range from approxi-
mately 1% (+1 um, VS type) to 6% (£+10 um, TSP type). Capil-
laries are cut manually to the desired length by using a cleaving
stone to penetrate the polyimide coating and then separated by
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pulling axially. Capillary lengths (L) for CRSANS measurements
can feasibly vary from 30 mm up to 5000 mm. Immediately after
cleaving, both capillary ends are rinsed with ethanol to remove
residual glass debris. Small glass debris can scratch the interior
surface and lead to capillary breakage at high pressures.

High pressure liquid pumps are used for unidirectional flow
(Dionex P-580 dual piston pumps) and reciprocating flow config-
urations (Cetoni neMESYS high pressure syringe pumps). Capil-
laries are directly connected to flow-through pressure sensors (DJ
Instruments, type DF2-High Pressure), which are used to measure
the pressure drop along the capillary. For unidirectional flow, a
pressure sensor is connected only to the capillary inlet. For re-
ciprocating flow, pressure sensors are connected to the capillary
inlet and outlet.

Tubing connections between the pumps, pressure sensors, and
flow selector valves contain stainless steel compression fittings
with 10-32 coned ports and stainless steel tubing with 1/16 inch
(1.6 mm) outer diameter. Connections between the fused silica
capillaries and the pressure sensors require adapter fittings (Pro-
lab Instruments, UHPLC fittings) for the capillary outer diame-
ter (360 um) and the compression fitting diameter (1/16 inch or
1.6 mm). The Electronic Supplemental Information (ESI) con-
tains additional information regarding the experimental setup
(ESI, Fig. 1), sensor calibrations (ESI, Fig. 2), and the various
corrections used for the capillary rheometry of non-Newtonian
fluids (ESI, Fig. 3).T

The shear stress evaluated at the wall 6,, is defined as,Z

(AP — Pena)R

2L 1)

Oy =

where AP is the pressure drop along the capillary, L is the capillary
length, R is the capillary inner radius (R = D/2), and F,,; is any
additional pressure drop due to end effects.’8 Here, capillaries
are sufficiently long L/R > 1000, such that end effects terms are
negligible and P,,; = 0. When end effects contribute a significant
pressure drop, P,,; can be determined using the Bagley method"Z
by repeating measurements with varying L/R (ESL Fig. 3).

The apparent shear rate at the capillary wall 2 = 4Q(nR3)"! is

corrected for apparent wall slip using the Mooney method,Z

_ 4Q 74vslip
nR3 R

i (2
where ¥ is the slip-corrected shear rate, Q is the measured volu-
metric flow rate, and v, is the apparent slip velocity at the wall.
The apparent slip velocity is determined by repeating measure-
ments with varying R. Measurements in this work primarily used
capillaries with R =50 ym, and the effect of wall slip was a rela-
tively small correction (5%). However, the effect of wall slip can
become significant for smaller capillaries (50% correction, ESL
Fig. 3).

Slip-corrected shear rates at the wall are further corrected for
non-parabolic flow profiles using the Weissenberg-Rabinowitsch

method, 17
1<3+d1nyfv)} 3

T=%170% fho,
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in which 7, is now assumed to be the true shear rate at the wall.
The true sample viscosity 1 is given by the ratio of the shear
stress at the wall (Eq.[I) and true shear rate at the wall (Eq.[3),

Ow
= - (4)
1 Y

2.2 Flow instabilities

The ratio of inertial forces to viscous forces is given by the dimen-

sionless Reynolds number,

_ PDvayg
n

Re 5
in which p is the solution density, vay, = 4Q(7D?)~! is the average
fluid velocity, D is capillary inner diameter, and 7 is the sample
viscosity. To estimate the maximum Re for non-Newtonian sam-
ples, i is assumed to be the infinite shear viscosity 1. or the sol-
vent viscosity 1. For straight capillaries, the flow typically transi-
tions from laminar to turbulent approximately when Re > 2000.17

A single capillary is coiled with a diameter D, to maximize the
capillary volume located within the neutron beam path. Sec-
ondary flows can develop in a coiled capillary due to the addi-
tional inertia-derived force due to the wall curvature that points
outward from the coil center. The dimensionless Dean number
(Dn) accounts for this additional force due to the wall curvature,
which is defined as"?

Dn = Re+/D/D, 6)

where D, is the coil diameter. Here, the ratio of capillary to coil
diameter is small (D/D, < 0.01). When Dn < 30 and D/D, < 1,
the inertial and centrifugal forces are negligible, and the flow pri-
marily resembles unidirectional flow velocity along the z-axis.1?
In this case, the same equations described in the previous sec-
tion for a straight capillary are valid for a coiled capillary. Sec-
ondary flows grow significantly in the approximate range of
30 < Dn < 400, and the flow eventually becomes turbulent when
Dn > 400.12120

2.3 Adjustable capillary configurations

A key advantage of CRSANS is the ability to easily switch between
a broad selection of capillary diameters and lengths to optimize
the experimental setup for each sample. The constrained opti-
mization of capillary configurations depends on the sample vis-
cosity, the pump flow rates, the pressure limitations, the desired
maximum J,, and the desired scattering count times. For each
sample, there will be a trade-off between maximizing the wall
shear rate and maximizing the scattering volume. Any given cap-
illary configuration can be altered to increase the maximum wall
shear rate by decreasing the scattering volume.

In Fig. , the range of shear rates at the wall (left axis)
and the normalized scattering volume (right axis) are shown
for one example capillary configuration. In this example, the
maximum curves (blue circles) and the minimum curves (red
squares) are determined by the pressure and flow rate limita-
tions of the pump and sensors. The current pressure limits are
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Puin = 0.1 bar and PB,, = 500 bar, and the current flow rate
limits are Qi =4 nL min~! and Qg =21 mL min~!. The
green area between these two curves represents the obtainable
range of shear rates for each D at a fixed viscosity (n = 1 mPa-
s), fixed capillary length (L = 1000 mm), and fixed coil diam-
eter (D, =30 mm). Meanwhile, the orange diamond symbols
(right axis) correspond to the normalized scattering volume for
the same capillary coil. To provide a practical reference, the nor-
malized scattering volume is defined as Vycas /Vye s, in which Viear
is the capillary volume within the neutron beam path, and V,, is
a typical SANS scattering volume (V. ; = 104 uL). The count times
for CRSANS experiments are typically 10— 100 times greater than
static SANS measurement, which is comparable to other small-
volume experiments using polymer thin films2L' or the 1-2 shear
cell.’22

For maximum 7, at fixed L and fixed 1, the optimal D coin-
cides at the intersection of the maximum pump pressure and flow
rate curves (blue circles). However, this D is not necessarily the
best choice to maximize the scattering volume at a different shear
rate constraint. For example, under the shear rate constraint
i > 10° s~! and volume constraint Vi /Vie > 1%, the optimal
configuration coincides at D = 100 um, L = 1000 mm, n = 1 mPa-s
(vertical magenta line). If instead the shear rate constraint is re-
laxed to 7, > 10° s, then the optimal D to maximize scattering
volume coincides instead near D = 200 um with L = 3000 mm,
which increases the total scattering volume by a factor of 100.

Secondary flows and flow instabilities remain another impor-
tant consideration for each experiment. The onset for turbulence
is predicted by the the Reynolds number for a straight capillary
(Eq. [5) and the Dean number for a coiled capillary (Eq. [f). In
Fig. , the blue circles correspond to Re (left axis), while the
red diamonds correspond to Dn (right axis) at a fixed coil diam-
eter D, = 30 mm. At the maximum shear rate, the same sample
is predicted to remain laminar in a straight capillary (Re < 1500),
but should produce secondary flows due to curvature at the maxi-
mum shear rate (Dn ~ 100).12 If secondary flows are undesirable,
a smaller inner diameter (D =50 um or 75 um) or a larger coil
diameter (D, = 50 mm) should be used instead such that Dn < 30.
Consequently, decreasing D will also decrease %" and Vicasr /Vie
as shown in Fig. 2h.

Example capillary configurations are summarized in Tab [1| for
different infinite shear viscosity n.. The calculations assume a
maximum pressure drop of AP = 500 bar, a maximum flow rate of
0 =21 mL min~!, and a coil diameter D, = 30 mm.

Table 1 Example operating conditions for different capillary geometries

N (mPa-s) D (um) L (mm) 7 (D) Viar/Vier (%)  Re

1 50 600 1.0 x 10° 0.2 326
1 100 1000 1.3x10° 1.8 1563
1 200 3000 45%x10° 23.6 2228
5 150 350 1.1x10° 0.9 594
5 200 3000 1.7x10° 23.6 167
10 150 200 9.4 % 10° 0.4 264
10 300 3000 1.3%x10° 53.0 141
100 250 250 1.3 % 10° 1.2 10
100 300 3000 1.3x10% 53.0 1.4
1000 500 600 1.0 x 10* 24.5 0.3

Journal Name, [year], [vol.], 1~E] |3



Soft Matter

a | - T 10°
}',max i [6)
10° F & e 5
o~ o®® % 15
3 P @ ° 0 310 2
g 10 & s ] 2
o v ] £
© scatt | (=
[ ° = B ko)
g 10'F ref ° 4107 Q
() [ ] Q
< w
L. % -" 3
w© 10 F . n ?m‘“-- 1 N
= Vi wr 1.7 ®
u W E R =
2 L ™~ E =
10 I'- 2
b 101 al | | 10
10° T T —3 10°
10' F 510
P Q'm;, E
i Req "ee 1 7
3 [ ) § - I o
< 10 N L P 110" |
% o Q»;,,, ] Q
3 * f
A 10F @ ‘—..’_‘—_'s 0 g
Q P ) * Dn E <4
e Q:O 1,
O 10 F P 410" <
(4 ° . )
oL * e J
10° k A 10
o *
101 - L I1A. L ...IZ |3 10‘
10 10 10 10

Capillary inner diameter, D (um)

Fig. 2 (a) Example operating conditions with a maximum shear rate (blue
circles, left axis) and minimum shear rate (red squares, left axis) defined
by the pump pressure and flow rate limitations. The corresponding nor-
malized scattering volume Vica/Vies is given at the right axis (orange
diamonds). In this example, the capillary length (L = 1000 mm), sam-
ple viscosity (1 =1 mPa-s), and coil diameter (D, =30 mm) are fixed.
(b) Corresponding maximum Reynolds number (left axis) and maximum
Dean number (right axis) for the same specifications in (a).

2.4 Small-angle neutron scattering (SANS)
SANS measurements were performed at the NIST Center for Neu-
tron Research at the the NGB10m SANS, NGB30m SANS, and
NG3 VSANS beamlines.23 The neutron detectors and guides were
configured to maximize neutron flux while spanning a g-range of
approximately 0.01 A < g < 0.3 A, where ¢ = 47A~!sin(6/2), A
is the neutron wavelength, and 6 is the scattering angle. Sample
count times typically ranged from 10 min to 100 min. All SANS
data were reduced using available reduction procedures.’24

In addition to the sample scattering, significant anisotropic
scattering occurs from the aligned capillaries in the beam path.
Scattering from the capillary cell appears above the incoherent
background at approximately ¢ < 0.01 A, and follows a Porod scat-
tering dependence I(g) ~ ¢~*. To correct for the capillary scatter-
ing, the empty cell measurement consisted of a capillary filled
with a mixture of hydrogenated solvent (e.g. H,O) and deuter-
ated solvent (e.g. D,0O) that matched the volume-average scat-
tering length density (SLD) of the sample. The SLDs of the h/d-
solvent mixture and the sample of interest was calculated using
an available online database.?> In this manner, the empty cell and
sample scattering contain the same volume-averaged SLD outside
the capillary (air) and inside the capillary (h/d-solvent).

In general, the scattering intensity of a monodisperse, two com-
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ponent system of particles (p) in a solvent (s) can be written as

1(q) = ¢vlpp *P.Y}zp(q)S(Q) +B @)

in which ¢, is the volume fraction of particles, p, and p;, are the
SLDs of the particle and solvent, respectively, B is the incoherent
background scattering, P(q) is the orientation-averaged particle
form factor that describes the particle size and shape, and S(g) is
the structure factor that describes the relative particle positions
based on their interparticle interactions. Scattering models and
functions were fit to the SANS measurements using SasView.2% A
polydisperse spherical form factor model and the Hayter-Penfold
structure factor model were combined using SasView to fit the
scattering data of charged silica nanoparticles in water.2® The de-
gree of alignment for worm-like micelle dispersions was quanti-
fied by an alignment factor (AF), which was determined by fitting
a Legendre polynomial expansion function to the scattered inten-
sity at the slice position g, = 0.025+0.005 A~1 as a function of the
azimuthal angle (¢).2'2Z Note that the alignment factor is equiv-
alent to the parameter P, from the second coefficient. In the limit
when AF =0, a collection of rods are isotropically distributed with
no favored orientation. In the limit when AF = 1, a collection of
rods are entirely aligned along the direction of flow. =27

To isolate the near-wall scattering, the same general proce-
dure applied with the rectangular geometry is applicable to the
cylindrical geometry.” This analysis requires that the shear stress
varies linearly from the center-line (r = 0) to the wall (r = R) at
each flow rate Q. Given the scattered intensity 7, and 7, | at
two specified flow rates Q, and Q, 1, respectively, the scattered
intensity can be decomposed as,

Ln(qx,qy) = [1 = SMnear—wait (4x:ay) + [sMn—1(qx, qy) ®

in which ¢, and ¢, are the horizontal and vertical components
of scattering vector ¢, respectively, I,..-_wqu i the isolated scat-
tering intensity near the wall, and s is a weighting constant cal-
culated from the wall stress. For a cylindrical geometry, s =
(Gwn—1/ GW,)Z, where oy, and o,,,_| are the wall stresses mea-
sured at flow rates Q, and Q,_, respectively. Rearranging Eq.
for the scattered intensity near the wall gives,

Inear—wall(arqy) = [1 - S]71 [ln (‘]x>‘1y) —sly—1 (%ﬁq}')] 9

As demonstrated previously for a rectangular slit geometry,
Eq. E]applies with s = 6,,,,—1/0w,.> In a rectangular slit geometry,
the scattering is a projection of the 1-3 plane (velocity-vorticity
plane). In a cylindrical capillary geometry, the resulting scatter-
ing is a combined projection of planes varying between the 1-3
plane and the 1-2 plane (velocity-velocity gradient plane). This is
an important consideration when comparing the structural mea-
surements of complex fluids using different flow geometries.

3 Results and Discussions

3.1 Probing the nanostructure of complex fluids

In Fig.[3] three different model systems were measured to demon-
strate the broad capabilities of CRSANS, which consist of (a) silica
nanoparticles, (b) monoclonal antibodies (mAbs), and (c) worm-
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like micelle (WLM) surfactants. Details regarding sample prepa-
ration are described in the ESI.§ Error bars represent one standard
deviation and may be smaller than the symbol size.

The measured scattering intensities /(¢) from concentrated
~ 30 nm silica nanoparticle suspensions at 21% (blue squares)
and 36% by volume (red circles) are shown in Fig. . The black
lines represent the model fits using a polydisperse sphere form
factor and a charged sphere structure factor in SasView.2® The
insets show 2D SANS patterns of silica suspensions at 21% by
volume under quiescent conditions with §, =0 s~ (top right)
and under high shear conditions with %, ~ 10° s~! (bottom left).
Anisotropy in the 2D scattering pattern was most noticeable in
the direction perpendicular to flow (yellow arrows), which in-
dicated that the suspension microstructure was changed due to
hydrodynamic interactions at sufficiently high shear rate. More
specifically, the randomized structure generated by Brownian mo-
tion was altered due to the imposed flow field when the Péclet
number exceeded unity (Pe = 6xna>$,/kT), where Pe represents
the ratio of the characteristic hydrodynamic effects to Brownian
diffusivity, a is the particle radius, and k7T is the Boltzmann en-
ergy. The anisotropic scattering pattern was qualitatively consis-
tent with hydrodynamic simulations of concentrated hard spheres
in pipe flow in the limit Pe — c0.28

The relatively small sample volume required to operate CR-
SANS (= 2 mL) makes it amenable to measuring supply-limited
samples, including deuterated and biological samples. As one ex-
ample of a supply-limited biological sample, a concentrated sus-
pension of the NIST monoclonal antibody (NISTmAD) is shown in
Fig. . Approximately 2 mL of NISTmADb solution at 25 mg mL~!
was continuously sheared at §, ~ 10° s~! for 20 h (blue sym-
bols). The same sample was then sheared and heated at ~ 40 °C
for an additional 40 h (red symbols). A noticeable increase in
the intensity at low ¢ was observed after sufficiently long shear-
ing and heating (Fig.|3p inset), which indicated the formation of
larger mADb aggregates. Interestingly, the suspension became vis-
ibly turbid prior to the low-g increase measured with SANS. This
observation suggests the mAb aggregates were large (> 1 um)
and formed at low concentration relative to the overall protein
concentration. The 2D scattering remained isotropic at the high-
est examined shear rate, indicating that the aggregation process
was not only due to changes in the hydrodynamic interactions
imposed by shearing. Instead, it is hypothesized that the interfa-
cial contact between the mAbs and the system boundaries served
as nucleation sites for the growth of protein aggregates. Ongo-
ing work aims to distinguish the mechanism of mAb protein ag-
gregation to improve the solution lifetime within the processing
pipeline.

Lastly, self-assembled worm-like micelles (WLMs) were mea-
sured with CRSANS, as shown in Fig. k. The WLMs consist of
sodium lauryl ether sulfate (SLES) at 1.2%, 2.3%, and 4.6% by
mass in a brine solution of D, and NaCl (8% NaCl by mass). Pre-
vious reports indicate these WLMs have a diameter D ~ 4.2 nm
and persistence length L, ~ 28 nm.” The 2D SANS pattern is
shown in the inset for WLMs at 4.6% by mass under quiescent
conditions (left) and flowing conditions (right, f, ~ 10 s71). As
shown in the inset, the 2D scattering becomes highly anisotropic

Soft Matter
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Fig. 3 CRSANS measurements of different model systems. (a) Charge-
stabilized silica nanoparticles at 21% (blue squares) and 36% by volume
(red circles). Insets show 2D scattering for the 21% by volume suspension
at rest (top right) and flowing conditions (bottom left) with , ~10° s~
(b) NISTmAb solution with increasing time (bottom to top) over 60
hours at f,, ~ 10® s~! without heating (blue circles at 0 h, squares at
20 h) and with heating (red upward triangles at 23 h, left triangles at
27 h, diamonds at 60 h). Data are vertically shifted from top to bottom
by 4.5, 3, 2, 1.4, and 1 for clarity. The inset shows the intensity increase
at low ¢ from the beginning (circles) to end (diamonds). (c) Worm-
like micelles at 4.6% (green triangles), 2.3% (red circles), and 1.2% by
mass (blue squares). Insets show 2D scattering at rest (left) and flowing
(right) with %, ~ 10* s71. The incoherent background scattering B has
been subtracted from I(g) for all scattering data.
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Fig. 4 High-throughput mixing and SANS measurements of dilute sus-
pensions containing silica nanoparticles with varying mixture composition
of HyO-rich solvent (blue symbols) and D,O-rich solvent (yellow sym-
bols). Inset shows the square root of the integrated coherent scattering
intensity as a function of the calculated solvent SLD.

as micelles strongly align along the horizontal direction of flow.

3.2 High-throughput mixing and contrast variation

The CRSANS device is capable of dynamically mixing two or more
sample feeds together prior to injection into the sample cell. This
built-in mixing capability can be used to perform high-throughput
contrast variation, such as the example demonstrated in Fig.
I(q) was measured for dilute silica nanoparticles (=~ 1% by vol-
ume) dispersed in different solvent mixtures of H,O and D,0,
where the changing color scale from blue-green-yellow represents
increasing D, O concentration at fixed silica concentration.

In this example, the solvent gradient is produced continuously
using two pumps connected to a dynamic mixer (ESI,} Fig. 1d).
The scattering and transmission measurements of 20 samples are
mixed and measured in ~ 100 minutes. The scattering length
density (SLD) contrast between the silica particles and solvent
changes significantly as silica in H,O-rich solvent mixes with sil-
ica in D,O-rich solvent. The coherent scattering intensity is at a
minimum at the contrast-match point (green circles with red out-
line), and only the incoherent background scattering (B) remains
when the volume-averaged solvent SLD equals the particle SLD
(ps = pp in Eq.[7). In the inset of Fig.[4, the square root of the
integrated coherent scattering intensity is plotted as a function of
the calculated solvent SLD. The contrast match point occurs when
the solvent SLD equals the particle SLD and [£(I —B)]!/? = 0. Note
that the data shown as open circles have been mirrored on the
y =0 axis (dashed line) to allow linear regression using all data
points (red solid line). The particle SLD obtained from linear
interpolation is 3.5+ 0.1 x 107 A~2, which agrees with values
obtained from other rapid contrast variation techniques using mi-
crofluidics. 13

6| Journal Name, [year], [vol.], 1~E|

a 104 T T T T T T T T T
1 |
Yw =0 | e |
+— b 4.6% | — |
V vwWw VW VV‘? —
10° | \v/ c : 4
7 |
o |
o | 1
£ 000000004, :
102 b : -
= |
7] |
Q
o I
2
>
10" | 3
10° | E
d d il d | | | d |
102 10" 10° 10’ 10? 10° 104 10° 108
Wall shear rate, 7, (s
Ita) (a.u) ilSHl
: U “ ,
0 008 (A 0% 9B q (A1) 008 0080 (AT 008 00K o () 008 008 0 k008
: "s6slf T 227087 9500 s1]f

Fig. 5 (a) Steady-shear viscosity measurements of WLMs at (down tri-
angles) 4.6 %, (triangles) 2.3 %, and (circles) 1.2 % by mass. The
measured viscosity of H,O is shown as black squares. Different measure-
ment geometries are compared between this work using (closed symbols)
CRSANS, (open symbols) rotational concentric cylinders, and previous
measurements using (crossed circles) rectangular slit tRheoSANS.B The
corresponding 2D SANS patterns are shown below at different ¥, from
(b) 0 s71, (c) 1.7x10% s7!, (d) 1.7x10% s7!, (e) 1.7x10* s7!, and
(f) 1.7x10° s™'. The corresponding bottom graphs include the mea-
sured I(gp,¢) (symbols) as a function of azimuthal angle ¢ at the peak
gp = 0.025+£0.005 A~!, and the Legendre function fit (lines) used to
obtain the alignment factor.

3.3 Linking the rheology and nanostructure

To further examine the link between rheology and nanostruc-
ture, this section focuses on the model WLM suspensions reported
above in section 3.1 (SLES in NaCl-D,0 brine). In Fig. , the
steady-shear viscosity is shown as a function of the wall shear
rate J, over eight orders of magnitude from 10~2 s~! to 100 s 1.
The viscosity is measured using different methods and geome-
tries, including a rotating concentric cylinder geometry from tra-
ditional RheoSANS (open symbols), a rectangular slit geometry
from previous uRheoSANS (crossed circles),® and the capillary
geometry from this work (closed symbols). Strong shear-thinning
behavior is observed when %, > 10 s~! for all WLM concentra-
tions from 1.2% (blue circles), 2.3% (red up triangles), and 4.6%
by mass (green down triangles). For reference, measurements of
pure H,O are shown as black squares.

In Fig. —f, the corresponding 2D SANS patterns (top) and az-
imuthal dependence (bottom) are shown for various wall shear
rates denoted by arrows in Fig. [Sh. For reference, the flow direc-
tion is parallel to ¢, (x-axis) and is perpendicular to g, (y-axis).
As 1, increases, the scattering anisotropy increases up to a crit-

ical shear rate (e) at };, ~ 10* s~!. This increase in anisotropic
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scattering is directly related to changes in the orientation distri-
bution function of worm-like micelles, in which an increase in the
intensity perpendicular to the flow direction (g,) corresponds to
alignment of WLMs along the flow direction (g,).

Above the critical shear rate of %, ~ 10* s~!, the scattering
anisotropy decreases with increasing ,. We speculate the de-
crease in micelle alignment occurs as hydrodynamic forces phys-
ically break apart the worm-like micelles into shorter rods. In-
terestingly, this maximum in scattering anisotropy coincides with
the change in power-law scaling of the viscosity. Below this crit-
ical rate, the viscosity decreases and scales as n ~ 72/3. Above
this critical rate, the viscosity decreases and scales as 1 ~ 7~ 1/3.
The change in power-law slope from —2/3 to —1/3 is consistent
with recent measurements of different worm-like micelle surfac-
tant systems® and is consistent with the transition of flexible,
worm-like micelles into shorter rod-like micelles. 1822132

Although the viscosity continued to decrease up to %, ~ 100 s~1,
the steady-shear viscosity is expected to eventually become shear-
independent and plateau at an infinite shear viscosity (N.). On-
going work aims to generate higher shear rates up to 107 s~! with
CRSANS to further test this hypothesis by directly measuring Ne..

To quantify the degree of scattering anisotropy, an alignment
factor (AF) was determined by fitting an even Legendre polyno-
mial expansion to the scattered intensity at ¢, = 0.02540.005 Al
as a function of the azimuthal angle (¢) and extracting the pa-
rameter P, from the second coefficient.2? The limit AF = 0 corre-
sponds to an isotropic distribution of rods, while the limit AF = 1
corresponds to perfectly aligned distribution along the flow direc-
tion. In Fig. [6h, the alignment factor is shown for WLM suspen-
sion at 4.6% by mass obtained from SANS measurements using
the entire capillary volume (green down triangles). This align-
ment factor accounts for an average over the entire scattering vol-
ume, which is weighted toward the volume near the wall accord-
ing to Eq.[8] In this case, a maximum alignment factor AF ~ 0.65
oceurs at f, ~ 2 x 10% s~1,

Following previous methods for pressure-driven flows? and
URheoSANS, scattering near the wall can be isolated by sub-
tracting two measurements of the same sample at different flow
rates. The scattered intensity in this isolated near-wall region
Liear—wai1 (4x,qy) is calculated using Eq. EL which weights the mea-
sured scattered intensities by the ratio of shear stresses evalu-
ated at the wall. This subtraction method assumes that the shear
stress varies linearly from zero at the center-line 6(r =0) =0 to
the maximum stress at the wall 6(r = R) = ;. The method to
isolate the high shear region near the capillary wall is demon-
strated in Fig. @)-d. The near-wall scattering .4, wan in (d) is
obtained by weighting and subtracting the measured intensity at
higher shear rates I, in (b) and lower shear rates /,,_; in (c). Note
that 1,4y e Still contains a reduced range of shear rates, which
spans from the wall shear rate in (b) to the wall shear rate in
(0). In Fig. @1, the black right-filled triangles correspond to align-
ment factors obtained from subtracted capillaries, and the left
error bars correspond to the isolated shear rate ranges. For com-
parison, the alignment factors obtained by traditional RheoSANS
methods in a rotating concentric cylinder geometry are shown as
open circles.
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Fig. 6 (a) Alignment factors obtained from SANS measurements of
WLMs at 4.6% SLES by mass. Alignment factors are compared for the
full capillary geometry (green triangles), the isolated high shear region
in the subtracted capillaries (right-filled triangles), and the concentric
cylinder geometry (open circles). The isolated region near the capillary
wall is obtained from Eq. [0} as demonstrated graphically in (b-d). The
stress-weighted difference in (d) Leqr—wan is obtained by subtracting mea-
surements at a higher wall shear rate (b) and at a lower wall shear rate
(c). In this example, the shear rate range for the near-wall region spans
from 2270 s™! to 9590 s~! or %, in (c) and (b), respectively.

4 g 4 ’ ’ ’
a. (A

Prior to isolating the scattering near the capillary wall, there
are obvious differences in the AF obtained from scattering mea-
surements in the concentric cylinders and the full capillaries. In
the case of concentric cylinder geometry, there is a constant shear
rate across the gap, and thus the entire sample microstructure
experiences a constant shear stress. Meanwhile, in the capillary
geometry, there is a range of shear rates across R, and thus the
sample microstructure experiences a range of shear stresses from
a maximum at the wall to zero at the center-line.

After isolating the high shear region, the maximum alignment
factor was approximately AF = 0.68 at 7~ 8 x 10% s~!, as shown
in Fig. [6h (right-filled triangles). Good agreement is found be-
tween AF obtained from concentric cylinders and the subtracted
capillaries in the overlapping region from approximately 10> s~!
to 103 s~!. Thus, CRSANS serves as a unique method to signif-
icantly extend the traditional RheoSANS methods toward higher
shear rates in order to better understand the link between shear-
dependent nanostructure and rheological behavior. By combining
CRSANS and rotational RheoSANS methods, the rheology and
nanostructure of complex fluids can be measured over eight or-
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ders of magnitude in shear rate ranging from %, ~ 1072 s~! to
106571,

4 Conclusions

Capillary RheoSANS combines a capillary rheometer with small-
angle neutron scattering to simultaneously measure the rheology
and nanostructure of complex fluids at high shear rates. CRSANS
configurations can be adjusted to the desired maximum shear
rate and scattering volume using a wide range of capillary in-
ner diameters from D = 0.2 um to 700 um, capillary lengths from
L~ 30 mm to 5000 mm, and flow rates from Q ~ 4 nL min~! to
21 mL min~'. By combining capillary and rotational RheoSANS
techniques, the nanostructure and rheology of complex fluids can
be measured over eight orders of magnitude in shear rate from
fw 21072 571 t0 100 s~ 1,

The broad applicability of CRSANS was demonstrated by mea-
suring a variety of model systems, including chaining of silica
nanoparticles, aggregation of NIST monoclonal antibodies, and
alignment of worm-like micelles. These nanostructural changes
were observed at shear rates above 10* s~!, which are inaccessi-
ble with current rotational RheoSANS techniques.

To obtain maximum wall shear rates in excess of 10° s~!, CR-
SANS is currently limited to samples with an infinite shear viscos-
ity of less than 10 mPa-s. Above this viscosity limit, the capillary
length and diameter must be reduced to the extent where the
normalized scattering volume becomes impractical for neutron
scattering (Vscar /Vyer < 0.001). In the case of exceedingly small
scattering volumes (V.4 < 100 nL), we anticipate that the trans-
parent capillary rheometer could be modified for X-ray or light
scattering techniques to provide feasible measurement times us-
ing higher incident photon flux. The transparent capillary is also
suitable to visualize the flow profile using microscopy and par-
ticle image velocimetry, 1813334 although further development is
needed to accurately track the velocity profile at %, ~ 10° s~1.

This work highlights the applicability of high shear capillary
rheometry with small-angle neutron scattering techniques. Ongo-
ing developments aim to expand the lower and upper shear rate
bounds, to provide temperature control, and to improve the mea-
surement of high-viscosity samples such as polymer melts, pastes,
and slurries. Overall, CRSANS will expand the nanoscale mea-
surement of alignment, aggregation, and breakdown of complex
fluids, which may lead to macroscopic changes in the material
properties at industrially-relevant shear rates.
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