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We report experiments employing x-ray photon correlation spectroscopy (XPCS) to characterize the velocity profiles
of complex fluids in Couette flow. The approach involves modeling the XPCS correlation functions obtained with the
incident x-ray beam passing tangentially through the Couette cell gap at various distances from the inner wall. We first
demonstrate the technique with measurements on a dilute colloidal dispersion in the Newtonian liquid glycerol, where
the expected linear velocity profiles are recovered. We then employ the technique to map the shear-rate-dependent
velocity profiles of a shear-thinning dispersion of nematically ordered Gibbsite platelets. The nonlinear velocity profiles
of the Gibbsite dispersion include a narrow slip region adjacent to the outer wall and a band with small velocity
gradient in the interior of the gap that evolves into a region increasingly resembling plug flow with increasing shear
rate. Variations in the velocity profile along the vorticity direction indicate an instability in the interface between this
region of small velocity gradient and a region of high velocity gradient near the inner wall. Analysis of the small-angle
scattering patterns provides information about the spatial and temporal variations in the nematic order of the Gibbsite
dispersion and their coupling to the velocity profile. Additional potential applications of this XPCS-based technique

and comparisons with established methods for characterizing velocity profiles are discussed.

. INTRODUCTION

The non-Newtonian flow behavior of a complex fluid im-
plies that its viscosity is shear-rate dependent and that its
velocity profile displays deviations from the linear flow. At
low Reynolds numbers, non-Newtonian behavior is typically
due to shear-induced changes in microstructure. Hence, an
intimate connection exists between structural changes and
velocity profile, which often varies in time as well as in
space. Therefore, a complete understanding of complex, non-
Newtonian flow requires the simultaneous acquisition of the
mechanical response, the local velocity, and the local struc-
ture. In situ velocity profiling can be achieved by optical
techniques like laser Doppler heterodgne light scattering!—3,
optical coherence tomography (OCT)", and particle imaging
velocimetry>®; however, these techniques require an optically
transparent sample, although less so for OCT, which limits
the range of applications. Rheo-NMR’~? and ultrasonic rheo-
velocimetry (USV)!%13 have both been successfully applied
to opaque samples, but these techniques also have impor-
tant drawbacks. USV needs seeding with particles that scat-
ter sound, and moreover, this technique does not supply any
structural information. Rheo-NMR does supply both struc-
tural and flow information, but its drawbacks include long ac-
quisition times, which preclude the study of temporal fluc-
tuations. Here, we introduce a method that employs coherent
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X-ray scattering to measure the velocity profile in complex flu-
ids under steady shear in Couette geometry and characterize
their shear-dependent, heterogeneous microstructure simulta-
neously.

Coherent x-ray scattering, specifically x-ray photon corre-
lation spectroscopy (XPCS), can be a sensitive probe of flow
velocities due to the relative Doppler shift between scatter-
ers in the flow moving at different velocities!*!3. Combined
with the spatial resolution afforded by the small beam size
employed in coherent x-ray scattering, this feature makes the
technique a promising approach for characterizing nonlinear
flow profiles in complex fluids. Several previous studies have
explored the application of XPCS for characterizing flow ve-
locities. Most of this work has focused on dilute colloidal dis-
persions, whose Newtonian flow properties served to demon-
strate the potential of the technique for characterizing flow in
microfluidic channels'>-1® or under simple shear!*1920. In
particular, Urbani and coworkers'” exploited the micrometer-
scale beam size in XPCS to obtain spatially resolved infor-
mation regarding Newtonian flow around corners and near
constrictions in microfiuidic channels. XPCS has also been
combined with in situ rheometry to connect microstructural
dynamics with rheological behavior in complex fluids. In
one such application of “rheo-XPCS”, Westermeier et al.2®
characterized the transient structural dynamics in a colloidal
fluid upon the cessation of shear at high Péclet number and
correlated the behavior with the relaxation of shear-induced
changes to the microstructure. In another, Chen et al.?! in-
vestigated the slow structural dynamics associated with stress
relaxation in a colloidal glass following step strains and cor-



related the decay in the stress with slow, flow-like dynamics
in the glass.

In the present study, we employ XPCS to investigate the
nonlinear flow behavior of dispersions of nanometer-scale col-
loidal platelets in the nematic phase under steady shear. In-
organic colloidal platelets in the nematic phase are ideal for
illustrating the capabilities of XPCS for characterizing veloc-
ity profiles for several reasons. Nematic systems in shear flow
can display strong shear thinning?? due to reorientational mo-
tion of the director’>-2%, resulting in the formation of banded
structures as observed by polarization microscopy under shear
for colloidal rods*’ and platelets?®?°. In addition to the tum-
bling motion, confinement plays an important role for col-
loidal platelets, as the combination of wall anchoring and tum-
bling motion are predicted to cause flow instabilities?+23-30-33
and platelets are known to exhibit strong wall anchoring
Indeed, a strongly heterogeneous structure has been observed
in pipe flow of colloidal platelet dispersions35. However, the
relation between structure and flow still remains to be identi-
fied. Rheo-SAXS is a proven method to probe the coupling of
complex flow behavior and the shear-induced changes in ne-
matic structure3’-39. However, information on the local flow
velocity throughout the fluid is required for full understand-
ing. As the relatively high opacity of the dispersions prohibits
the use of optical techniques for velocity profiling, rheo-XPCS
is the ideal method of choice.

In Sec. II below, we describe the fluids that are the sub-
ject of the study, which include the non-Newtonian dispersion
of nematic platelets, composed of the mineral Gibbsite, and
a second, Newtonian liquid composed of a dilute dispersion
of spherical colloids in glycerol. In addition, we provide in
Sec. II details regarding the experimental procedures in the
rheo-XPCS measurements. Section III summarizes the prin-
ciples in relating the results of an XPCS measurement on a
fluid in Couette flow to its velocity profile. In Sec. IV A, we
demonstrate the method using measurements on the Newto-
nian liquid, and in Sec. IV B we report the findings on the
nematic Gibbsite dispersion, which include characterization
of the shear-rate-dependent velocity profile and complemen-
tary results on the shear-rate-dependent, heterogeneous ne-
matic order in the dispersion. Finally, in Sec. V we assess
the capabilities of XPCS for characterizing velocity profiles
and discuss possible future directions for applying the method
to other complex fluids.
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Il. EXPERIMENTAL METHODS
A. Fluids under study

Two fluids were included in the experiments. The first was
a dispersion of colloidal silica spheres dispersed in the New-
tonian liquid glycerol at colloid volume fraction 1%. The col-
loids had an average diameter of D = 182 nm with a poly-
dispersity AD/D = 1.5%, as determined by SAXS from a
highly dilute dispersion. Details on the synthesis of the col-
loids, which were employed in an earlier XPCS experiment*?,
can be found in Ref.*!.
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FIG. 1. Viscosity as a function of shear rate of the Gibbsite dispersion
measured in a plate-plate geometry.

The other fluid was a dispersion of Gibbsite [y-Al(OH)s],
which are charged, disk-like colloids with radius 125 4 16
nm and thickness 8.4 +2.8 nm, in an 80/20 glycerol/water
solution with 12% colloidal volume fraction. The Gibbsite
platelets were synthesized following a procedure from Ref.#2
and characterized using transmission electron microscopy. At
12% volume fraction, the platelets are in a nematic phase in
which the platelet faces orient in a common direction, which
defines the local nematic director i*>#,

In the Couette cell, the platelets align with their faces par-
allel to the cell walls; that is, 7 is in the radial or gradient
(Vv) direction. Figure 1 shows the flow curve of the Gibbsite
dispersion measured under constant shear rate in a plate-plate
geometry. The behavior is typical of a shear-thinning mate-
rial and similar to the behavior observed with other colloidal
platelets?243. The shear stress ¢ scales with the imposed shear
rate in a sub-linear power-law relation, ¢ o< 7™, with m~0.17,
so that 1) oc y— 083,

B. Rheo-XPCS

The rheo-XPCS experiments were carried out at Sector 8-
ID of the Advanced Photon Source. The samples were con-
tained in the Couette cell of a stress-controlled rheometer (An-
ton Paar MCR-301) mounted on the beam line. The Cou-
ette cell was composed of thin-walled polycarbonate allowing
transmission x-ray scattering measurements with little atten-
uation or parasitic scattering from the container, as described
previously?!. The cell’s inner and outer radii were nominally
Rin = 5.5 mm and Ry = 6.1 mm, respectively, leading to a
nominal gap of H = 600 pm. A partially coherent, 10.9 keV
x-ray beam (wavelength A = 0.114 nm) of size 100 x 20 pm?
(V x H) was focused vertically to a 3 x 20 um? spot on the
sample. An area detector (X-spectrum LAMBDA 750K)*6-47
positioned 4.91 m after the sample measured the scattering in-
tensity over the range 0.02 nm~! < |q| < 0.65 nm~!, where
of |q| = 4xsin(0/2)A is the magnitude of the scattering wave
vector at scattering angle 6.

Measurements, depicted schematically in Fig. 2, were per-
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FIG. 2. Schematics depicting (a) a three-dimensional rendering and
(b) a top view of the Couette cell with the incident coherent beam
passing through the left edge of the cell. Points in the cell gap are
specified by the distance from the outer wall r and by the Cartesian
coordinate system shown in (b), and the beam position is specified
by the largest horizontal distance x that it obtains from the outer wall
when passing through the sample. An x-ray area detector behind the
cell captures the coherent scattering intensity in transmission. Note
that the distance to the detector and the Couette cell radii and gap
width are not shown to scale.

formed with the axis of the Couette cell oriented vertically and
the horizontal incident beam directed tangentially through the
side of the cell at various distances from the outer wall. In
this configuration, the incident beam, and hence the incident
x-ray wave vector Kj, was approximately parallel to the flow
(v) direction, but due to the curvature of the Couette cell, it
also made a small angle with the flow direction in the flow-
gradient (v — Vv) plane that varied as it traversed the sample.
Further, in the small-angle scattering regime of the measure-
ments, k; and final x-ray wave vector kg were nearly parallel,
so (since |Kk¢| = |K;j|) the scattering wave vector, q = kg —k;,
was essentially perpendicular to k;. Therefore, the vertical (Z)
component of q was in the vorticity (V x v) direction, while
the horizontal (X) component was approximately parallel to
the gradient direction but also had a small contribution paral-
lel to the flow direction that again varied with position along
the path of the incident beam. As described below, this small
component of q parallel to the flow direction was important

since it enables the characterization of the velocity profiles
across the cell gap.

To measure a velocity profile, i.e., the velocity as a func-
tion of position in the gap of a fluid under steady shear, a
constant shear rate was applied by the rheometer, and the
measurements were taken once the sample reached a steady
state. Shear rates applied to the dilute silica dispersion ranged
from 0.0001 to 0.16 s—!, while three shear rates with nominal
values 0.04, 0.16, and 0.32 s~! (precise values given below)
were applied to the Gibbsite dispersion. A series of measure-
ments were made with the incident beam at eleven positions
across the gap from the outer to the inner wall during steady
shear at each rate. We characterize the position of the beam in
each measurement by its maximum distance x from the outer
wall during its passage through the Couette cell, as depicted
in Fig. 2(b).

At each beam position, coherent x-ray scattering patterns
were captured by the detector at a rate of 1000 fps for 20 sec-
onds. Five such measurements were performed at each hor-
izontal position, with the beam translated in the z-direction
typically by 60 pm between each measurement. The tempo-
ral variations in coherent scattering during each measurement
caused by the dynamics of the fluid were characterized using
the intensity autocorrelation function,

< I(q:I)I(qut + T) >t
<I(q,t) >}

&(q,7) = , (1)

where I(q,t) is the scattering intensity at scattering wave vec-
tor q and time ¢, 7 is the delay time, and the brackets refer
to averages over the duration of each measurement and over
detector pixels within a small range of q. The calculation
of g2(q,7) further involved employing the multi-tau corre-
lation routine in which progressively larger sets of sequen-
tial images were first averaged when correlating across suc-
cessively larger delay times so that the resulting delay times
were spaced quasi-logarithmically at large delay time*®. This
multi-tau routing facilitates determining g2(q, 7) over a broad
dynamic range and improves statistics, which proved impor-
tant in the present study.

In the case of homodyne scattering, like in the present ex-
periments, the intensity autocorrelation function is related to
the field correlation function g1(q,t) through the Siegert rela-
tion,

g2(q.1) = 1+Blg1(q.1))? )

where B is the instrumental optical contrast, which varies
from O to 1 depending on the coherence properties of the
beam, the scattering geometry, and the solid angle subtended
by a detector pixel. The field correlation function, which is
equivalent to the intermediate scattering function, provides
fundamental information about the dynamics in the sample.
Specifically, for a system of N, scatterers,
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where by(q,7) is the scattering length of the k* scatterer, ry (t)
is the scatterer’s position, E(q,t) is the electric field associ-
ated with the scattered wave, which is related to the scattering
intensity by I(q,t) = E*(q,t)E(q,t), and the brackets indicate
an ensemble average.

1. XPCS UNDER COUETTE FLOW

In a homodyne scattering measurement, the decay of the
autocorrelation function for a colloidal dispersion under flow
generally has three contributions'449. One results from gra-
dients in the flow velocity across the illuminated volume, a
second is from dynamics intrinsic to the dispersion like dif-
fusion of the colloids, and a third results from the transit of
fluid into and out of the illuminated volume. Under apgro—
priate conditions, these contributions can be factorized!**
so that the theoretical form of the normalized autocorre]anon
function, Agy = (g2 — 1)/, can be expressed as

:Agg(q, T)Ag%}(qat)AgIZ(qut)u )
|

Aga(q,7)

where Agd, Ag?, and Ag), represent the contributions from dif-
fusion, flow gradient, and transit, respectively.

For the conditions of our measurements, in which the flow
is nearly parallel to the incident beam, the decorrelation time
due to transit is much larger than those due to the other
contributions. Therefore, we can make the approximation
Agh(q,7) = 1. The diffusion term typically takes an expo-
nential form,

Agl(q,7) = e 07, (5)

where I'p(q) is the diffusive decay rate at wave vector q. The
flow gradient term for a system of identical scatterers under
flow can be evaluated by

Np Np

Ag?(q,7) = E E cos[q-(ve—v)l,  (6)
N,

where N, again is the number of scatterers in the illuminated
region, and v, is the velocity due to flow of the k' scatterer.
Considering the scattering geometry shown in Fig. 2, we see
that in the small-angle scattering regime q is in the x-z plane,
while v is in the x-y plane; hence, q-v = q,¥;. Replacing
the sums over the scatterers in Eq. (6) with integrals over the
incident beam path, we therefore obtain

2@ 50 =35 [ [ costarebaten) ol v

_ %f f cos qx'rvx(x )’k)] COS [qx'rvx(x )’1)]

(N
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where yo = \/RZ,, — (Rout —X)? is half the path length trav-

elled by the beam through the fluid at a given beam position x,
as depicted in Fig. 2(b). The circular stream lines in Couette
flow imply v, (x,y) is an odd function of y, hence the integral
over the sine terms is zero, leading to

Agz(9,7:x) = %ﬁ [ ﬁDCOS [GxTva(x,Y)] dy] 2. (8)

Together with the contribution from diffusion, the full form
of Aga(q,7;x) for scattering from a fluid under flow in the
geometry of Fig. 2 therefore is

e—l"ﬂf

Aga(q,T;x) = [/:0 cos [qxwx(x,y)]dy]z.

In Sec. IV A below, we adapt Eq. (9) to the case of linear shear
flow and employ it to analyze measurements on the dilute dis-

persion of silica colloids in glycerol. Those results provide
a framework for analyzing the measurements on the Gibbsite
dispersion, for which nonlinear velocity profiles are obtained,
as described in Sec. IV B.

IV. RESULTS
A. Newtonian fluid: linear velocity profile

Figure 3 shows a set of correlation functions measured on
the dilute silica colloid dispersion in glycerol, whose rheology
is that of a Newtonian fluid. The correlation functions were
measured at g, = 0.032 nm~! and g; = 0 at nominal shear rates
0.0001, 0.04, and 0.16 s—! with the incident beam at different
positions x relative to the outer wall. For clarity, only data



from six positions are shown; data from all eleven positions
can be found in the Supplementary Material. Each data set is
the average over five measurements at the same x but different
vertical positions in the Couette cell.

As Fig. 3 shows, Ag2(gx,7;x) decays at smaller 7 as the
measurement position x increases from the outer to the inner
wall. We can understand this variation qualitatively as fol-
lows. As the incident beam passes through the Couette cell,
the magnitude and direction of the local flow velocity varies
with location y along the beam path, where y = 0 is taken as
the midpoint of the path, as shown in Fig. 2(b). During the first
half of the beam’s path through the sample (y < 0), the veloc-
ity increases with y since the beam traverses points that are
increasingly far from the stationary outer wall. The velocity
peaks at the midpoint of the beam path, and then decreases for
the rest of the path in a symmetric manner. The magnitude of

e—TDf

Ag(Gx,TiX) = —5—
Yo

To obtain the decay rate I'p due to diffusion, we examine
Ag1(gx,7;x) from the measurements at the smallest nominal
shear rate, ¥ = 0.0001 s~!. Note that the correlation func-
tions at this shear rate (Fig. 3(a)) show less variation with x
than those at the higher shear rates (Figs. 3(b) and (c)). This
smaller variation is a consequence of the significant contribu-
tion made by diffusion, which is independent of beam posi-
tion, at the smallest shear rate. In particular, at the outermost
beam position, where the local flow velocity is very small and
largely parallel to the incident beam, we can make the approx-
imation that the contribution from the flow gradients to the
decay of Aga(gx,T;x) is negligible (Ag5’ = 1). The solid line
in Fig. 3(a) shows the result of a fit of an exponential decay
to this data set, which describes the data accurately and gives
I'p =0.74+0.04 s~ This value is close to the expected de-
cay rate for the spheres diffusing in glycerol.

Our analysis of Ag2(gx,7;x) focuses on the higher rates
where the contribution from flow to the decay of the corre-
lation function is more pronounced than in Fig. 3(a). This
contribution is apparent in Figs. 3(b) and (c) not only from the
variation in decay rate with beam position but from the faster-
than-exponential shape of the decay. In principle, with I'p
known, Eq. (11) provides an exact expression for Ag2(gx, 7)
at beam position x for a linear velocity profile with given Cou-
ette cell radius Ry and shear rate 7. However, while the rel-
ative values of x for different measurements were precisely
controlled by the motors that translated the rheometer in the
beam between measurements, the absolute values of x with
respect to the outer wall could only be approximated at the
time of the experiment. Therefore, in modeling Ag2(gx, 7;x)
at different x, we introduce a free parameter x; that specifies
the position of the beam in the measurement closest to the
outer wall, and the value of this parameter sets the positions

o} A y
[L c08{qx 7 [Rout

the angle between the local velocity and the beam varies in the
opposite way; it first decreases with increasing y when y < 0
and increases when y > 0. Therefore, when the measurement
position is closer to the inner wall (larger x), the beam not only
passes through higher velocity regions, but also makes larger
angles with the local velocity in part of its path, so together
¢,V in Eq. (9) reaches larger values, leading to faster decay.

To model the correlation functions quantitatively we as-
sume the glycerol dispersion has a uniform shear rate ¥ across
the cell gap and hence a linear velocity profile. The %-
component of the velocity along the path of the incident beam
at position (x.y) in this case is

y

Vv (Rout _x)ﬂ +y2

Inserting this result into Eq. (9), we obtain an expression for
Ag>(gx,7:x) for a linear profile,

-y]. (10)

Vi(x,y) = ?[Ruut

2
—y]}d;v] (11)

Vv (Ruut _x)2 +y2

of the other ten measurements across the gap. A second un-
certainty in the measurements was the gap width of the Cou-
ette cell, which potentially differed from the nominal 600 pm
due to small deviations from specifications during manufac-
turing of the polycarbonate cell or deformation of the thin cell
walls over time. To account for this uncertainty when mod-
eling the data, we assume that the inner radius is R;; = 5.5
mm, and we take the gap width H as a second free param-
eter. Consequently, Roy is taken as Roy = Rin +H, and the
true shear rate is taken as y = §,H,/H, where }, and H, = 600
um are the nominal shear rate set by the rheometer and nomi-
nal gap width, respectively. A least-squared minimization was
adopted to fit the eleven Ag»(q,, 7;x) at various x and a given
nominal shear rate simultaneously using Eq. (11) with x; and
H as free parameters. Results of the fits are depicted by solid
lines in Figs. 3(b) and (c) for the data at nominal shear rates
0.04 and 0.16 s !, respectively. (The results of the fits at all
eleven beam positions at these shear rates can be found in the
Supplementary Material.)

As Figs. 3(b) and (c) illustrate, the fits agree well with the
measured correlation functions over the main parts of the de-
cays of Ag2(gx,7:x), and importantly the model accurately
captures the variation in the decay rate with the position of the
beam in the gap. However, the model line shapes also include
oscillations in the tails of the correlation functions at large 7
that are only partially resolved in the experimental data. While
such oscillations are a typical feature of correlation functions
measured under flow'®, we attribute their attenuation in the
experimental results to the multi-tau routine employed to ob-
tain Ag2(gx,7:;x) from the x-ray images, which has the effect
of smearing non-monotonic features in the correlation func-
tion at large delay times, and to the finite width of the beam,
which similarly has the effect of smearing such features by



effectively averaging over a range of x. Despite these discrep-
ancies in the tails of Agz(gx,7;x), the overall quality of the
fits, which include only two parameters for all eleven corre-
lation functions, indicates the validity of Eq. (11) and of our
assumption of a linear velocity profile in the dilute colloid dis-
persion. The fit results yielded x; =33 £ 2 pm and H = 629
+ 17 pm. This difference between the actual and nominal
gap widths implies the actual applied shear rates were slightly
smaller than the set values. Specifically, the actual shear rates
of the measurements were 9.5 x 10=3, 0.038, and 0.15 s~! for
the nominal rates of 0.0001, 0.04, and 0.16 s~ respectively.
Importantly, the same Couette cell was used in the measure-
ments on the Gibbsite dispersion, and the reference point for
the beam position in the cell was unchanged between experi-
ments, hence these parameters were also employed in analyz-
ing the Gibbsite results described below.

B. Gibbsite dispersion: nonlinear velocity profile and slip
region

Figure 4(a) shows an example of an area detector image of
the scattering pattern obtained from the Gibbsite dispersion
under shear. This specific measurement was taken at x = 55
pum while the dispersion was under shear at 0.038 s—!. The
anisotropy in the scattering intensity is indicative of the ne-
matic order in the dispersion, with the two lobes of scattering
near g = 0.083 nm~! corresponding to an interparticle struc-
ture factor peak related to the nearest-neighbor correlations
between platelets along the direction 7 of the nematic director
(i. e., normal to the face of the platelets). As illustrated in the
cartoon in Fig. 4(b), the scattering pattern plotted in Fig. 4(a)
indicates that the director # is in this case oriented approxi-
mately, but not precisely, parallel to £. This means that the
platelets align nominally with their faces parallel to the Cou-
ette cell walls, and hence i is approximately along the gradient
direction. The deviation of /i from this direction, expressed in
terms of the angle 6,, between 7 and % is discussed below in
Sec. IVB4.

Figures 5(a), (b), and (c) display results for Agz(gx,7;x) at
¢ =0.03nm~! and g = 0 obtained from measurements on the
Gibbsite dispersion at shear rates of 0.038, 0.15, and 0.31 s~ !,
respectively. Each set of data corresponds to measurements at
the same eleven positions x in the Couette cell gap as those in
the measurements on the dilute colloid dispersion, and each
curve is again an average over five measurements at the same
x but different vertical positions in the cell. Data from all
eleven horizontal positions are shown in the Supplementary
Material. A comparison of these autocorrelation functions
with those obtained with the dilute colloid dispersion at the
same shear rates immediately indicates a strongly nonlinear
velocity profile in the Gibbsite dispersion. For instance, com-
paring the Ags(q,, T:X) at a shear rate of 0.038 s—! in Fig. 3(b)
with those in 5(a), one sees that at the position closest to the
outer wall, x = 33 um, Aga(gx,7;x) of the Gibbsite disper-
sion has a decay time that is almost five times faster than that
of the dilute colloid dispersion. This difference is evidence for
a large velocity gradient indicative of a high-shear, slip region
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FIG. 3. Aga(qy,7;x) measured on the silica colloid dispersion in
glycerol at gx = 0.032 nm~! and g, = 0 under nominal shear rates (a)
0.0001, (b) 0.04, and (c) 0.16 s—! at 6 different positions in the gap
as specified by the incident beam’s distance x from outer wall listed
in the legend. The thin solid lines in (b) and (c) show the results of
fits using Eq. (11). The thick solid line in (a) shows the result of a
fit to the data at x = 33 um using a simple exponential function. For
clarity, only data from six positions are shown; data from all eleven
positions can be found in Supplementary Material.

in the Gibbsite dispersion near the outer wall, which has been
observed in many complex fluids?-1,

This slip region has a strong influence on the measure-
ments at all x, since, as seen in Fig. 2, regardless of x the
incident beam passes through the region near the outer wall
upon entering and exiting the fluid. Indeed, a measurement
at a given x depends on the flow dynamics not only at that
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FIG. 4. (a) Scattering pattern from the Gibbsite dispersion under
shear rate 0.038 s—! with the incident beam passing tangentially
through the side of the Couette cell at x = 55 pum from outer wall.
The two rectangular regions, centered on gx = +0.03 nm ! and ¢, =
0 and spanning 0.012x0.015 nm~2 (g, x q,), indicate the regions
included in calculating Ags(gy,T;x). (b) Cartoon of the nematic
platelets oriented with respect to the shear flow.

distance from the outer wall but at all distances from O to
x. Consequently, Ag2(gx,7:;x) measured at different x are not
independent of each other. This interdependence combined
with the clearly nonlinear flow in the Gibbsite dispersion cre-
ates a challenge for analyzing the Agz(gx,7;x) at different
X to determine the velocity profile. In particular, while one
can obtain exact expressions for Ag2(gx,7;x) from Eq. (9) for
an arbitrary velocity profile, the experiments present the in-
verse problem of needing to obtain v(x,y) from the measured
Ag2(gx,7;x). Therefore, as described below, to analyze the
results for the Gibbsite dispersion, we adopt model functional
forms for v(x,y) using two different approaches and test the
suitability of each by employing them in fits to Ag2(gx,7;x).
First, we approximate the velocity profile across the gap by a
sequence of bands with different shear rates; that is, we model
the nonlinear velocity profile as a piece-wise linear function.
Second, we employ a power-law velocity profile that is known
to lead to shear thinning behavior like that in Fig. 1. In addi-
tion, to obtain the contribution from diffusion to the corre-
lation function line shape, we fit Ag2(gx,7) measured on the
Gibbsite dispersion under quiescent conditions (i.e, no applied
shear). Results of this measurement at ¢, = 0.03 nm~! are
shown by the black asterisks in Fig. 5(a), and the line through
the data shows the result of a fit using an exponential form
from which the diffusive decay rate Ip = 0.42+0.01 s~ ! is
obtained. (Note since this decay rate is measured at a wave
vector along £, it corresponds to the diffusion of the platelets
parallel to /i. Measurements with the wave vector along Z in-
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FIG. 5. Ag2(qx,7;x) measured on the Gibbsite dispersion at g, = 0.03
nm~! and g: = 0 under constant shear rate (a) 0.038, (b) 0.15, and
(c) 0.31 s~1, respectively, at 6 positions in the gap as specified by the
distances from the outer wall listed in the legend. The thin solid lines
show the results of fits using the piece-wise linear model (Eq. (14))
with five shear bands (n = 5). Also shown in (a) by the black asterisks
is Ags(qy,7) measured on the dispersion under quiescent conditions
at gy = 0.03 nm~!. The thick solid line through the quiescent data
shows the result of a fit using an exponential form to characterize
diffusion parallel to the nematic director. For clarity, only data from
six positions is shown; data from all eleven positions can be found in
the Supplementary Material.

dicate the diffusion in the nematic dispersion is anisotropic,
and the diffusion coefficient is much larger perpendicular to #
than parallel.)
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FIG. 6. Schematic of a top view of the Couette cell depicting a ve-
locity profile in the piece-wise linear model comprised of three shear
bands (n = 3) of width d; and shear rate J. At the beam position
shown, the incident beam passes through all three shear bands.
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1. Piece-wise linear model

In the piece-wise linear model, depicted schematically in
Fig. 6, a nonlinear velocity profile is approximated by dividing
the Couette cell gap into a set of n concentric bands each with
a different width d; and unique local shear rate J, where i is
indexed starting from the outer wall. The velocity profile is
obtained by treating the d; and } as free parameters that are
optimized by fitting to all eleven Aga(gx, 7;x) simultaneously.
(Note that since the widths of the bands must sum to the gap
spacing, ¥ d; = H, the total number of free parameters for n
bands is N = 2n— 1.) Within the k™ shear band, the magnitude
of the velocity at position (x,y) is

vk(x,y) E?d +%'c[ uut_wy +(Rc|ut_ )2 Zd] {]2)

i=1

and its x-component is

Vix(X,y) = E?dermR"“‘ Ed)\/m o

Yy

(13)

The predicted form of Aga(gx,7;x), including the contribution from diffusion, at beam position x is thus

!

Agr(gx,T3:X) =

=

i Yi—1(x)

[):

cos[gxvix(x, y)'r]dy] (14)

where n' is the number of shear bands that the incident beam at position x passes through, and the limits of the integral are the
positions in y at which the incident beam crosses shear-band boundaries:

V clut (ROUI_ )

Vi (x) = (Ruut -

Of course, the larger the number of bands n that are in-
cluded, the more finely a nonlinear velocity profile can be
modeled but at the expense of an increasing number of free
parameters. To determine the minimum number of bands that
provides an adequate approximation of the velocity profile
in the Gibbsite dispersion, we plot in Fig. 7 the mean dis-

?3 dj)?—
j=1

i=0
(Row—x)2, i=1,2,..,n'—1 (15)
i=n'.

crepancy ¥, defined as the square root of averaged squared
difference between the best fits using Eq. (14) and the data
points of all eleven Ag2(gx,7:x) at each nominal shear rate,
where in each case the eleven correlation functions are fit si-
multaneously, as a function of the number of fitting parame-
ters. For reference, the horizontal lines in Fig. 7 indicate the
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FIG. 7. The mean discrepancy ¥ of fits as a function of number of
fitting parameters N. The open symbols are the mean discrepancies
of fits using the piece-wise linear model with number n of bands
from two to five. The closed symbols are the discrepancies of fits
using the power-law model, which has four fitting parameters. The
dashed lines indicate discrepancies of fits in which each individual
Aga(gx, T;x) is fit using an empirical, compressed-exponential line
shape.

mean discrepancies obtained from fitting each Ag2(gx,7;x)
individually with an empirical compressed-exponential line-
shape, which captures the shape of the correlation functions
well and therefore can be regarded as providing an estimate
of the contribution to the discrepancy from statistical noise.
(Note such analysis employs N = 22 fit parameters.) As the
figure illustrates, the discrepancy decreases with an increasing
number of bands up to n = 4 but appears to plateau by n = 5.
The value of the discrepancy at n =5 is larger than the esti-
mated contribution from statistical noise, indicating some per-
sistent systematic deviations between the model and the data.
The lines in Fig. 5 show the results of fits at each nominal
shear rate using the piece-wise linear model with n = 5. As
the figure indicates, the model captures the measured correla-
tions accurately in the outer portion of the gap (smaller x), but
deviations are apparent close to the inner wall. One contrib-
utor to these deviations is heterogeneity in the velocity pro-
files along the vorticity direction that distort the experimental
Ag2(gx,7;x), which averages over multiple measurements at
different heights in the Couette cell. These heterogeneities
are discussed in Sec. IV B 3 below. In addition, as with the
results for the dilute silica dispersion, the model line shapes
include oscillations in the tails of the correlations functions at
large 7 that are largely smeared out in the data. We attribute
this smearing in the experimental results to the same effects
described in Sec. IV A.

Figure 8 shows the velocity profiles of the Gibbsite disper-
sion under shear rates 0.038, 0.15, and 0.31 s—! obtained from
the best fits using Eq. (14) with n = 5. Note that the veloc-
ity gradient in each band and the widths of the bands, which
are free parameters that can differ at the different engineered
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FIG. 8. Velocity profiles in the Gibbsite dispersion as a function of
distance r from the Couette-cell outer wall under constant engineered
shear rates of (a) 0.038, (b) 0.15, and (c) 0.31 s~! as obtained by
fitting the XPCS data with the piece-wise linear model (dashed lines)
and power-law model (solid lines). The solid points at x = 629 um
indicate the engineered velocity of the inner wall at each shear rate.

shear rates, change with engineered rate, reflecting an evolu-
tion in the velocity profile. However, a key similarity among
the three profiles is a narrow shear band closest to the outer
wall with a high local shear rate, which corresponds to the
slip region mentioned above. The thickness of the slip regions
are 19.5, 24.2, and 5.6 pm under engineered shear rates set
by the rheometer of 0.038, 0.15, and 0.31 s, respectively,
and the shear rate in the region is approximately four times
as the engineered shear rate in each case. Moving into the



gap from this slip region, the velocity profile deviates increas-
ingly from a linear profile as the shear rate increases. The
velocity profiles at the engineered shear rates 0.15 and 0.31
s~ shown in Fig. 8(b) and (c), respectively, display regions
in which the local shear rate is nearly zero and hence the ve-
locity is nearly constant, like a plug flow. The width of the
low-gradient band extends more than 300 um across the cen-
tral portion of the gap. In addition, a band with a high shear
rate is found between the region of plug-like flow and the inner
wall. In contrast, the velocity profile at the engineered shear
rate of 0.038 s~!, shown in Figure 8(a), contains a more mod-
est upward curvature beyond the slip region without regions
with such pronounced differences in shear rate. The average
shear rates based on the fits, obtained by dividing the fitted
velocities at the inner wall by the width of the gap, are 0.033,
0.08, and 0.34 s—! for the engineered rates of 0.038, 0.15 and
0.31 s~ 1, respectively. The discrepancies between the values
at the lower two shear rates suggest a narrow slip region also
forms at the inner wall. The fact that this slip disappears when
the shear bands form is indicative of the competition between
shear banding and wall slip'!.

2. Power-law model

The second approach to model the nonlinear velocity pro-
file of the Gibbsite dispersion is based on the fact that the

?m[Rout Y (Rout _x)ﬂ +)’2],

Ruut —A

Wiy

v(x,y) =

r;m_l

10

dispersion is a shear-thinning fluid, as illustrated by Fig. 1.
Under certain circumstances, shear thinning fluids are pre-
dicted to form a power-law velocity profile under steady shear
32, Specifically, when a fluid under Couette flow displays a
power-law stress-strain relation, o « 7", its underlying veloc-
ity profile can take on a power-law form,

pl=2/m _ pl=2/m
V(r) = @Ry ———— (16)
Riln—zgm _ R});tz;m

where r is the distance from the outer wall, and @y is the angu-
lar velocity of the inner wall. As discussed above, irrespective
of the modeling, the data from the Gibbsite dispersion shows
clear evidence of a region of slip near the outer wall, so in
modeling the results with the power-law velocity profile, we
also include a slip band with shear rate }, and width A near
the outer wall. Thus, the full expression for the velocity in the
Cartesian coordinates of Fig. 2(b) is

Rout -V (Rout _x)2 +y2 S A

a7

TmA+Vp

(Ruut _A)Ef:’m—l
Rin

, A< Rou— AV, (Rout _x)2 +y2 <H

where v, is the velocity difference across the portion of the gap with the power-law profile. The XPCS correlation functions

measured at beam position x for this velocity profile are therefore:

Yo

0

e—FDT
Ag2(Gx, T5X) = —5— [ f cos[qx
Y 0

Employing the same procedure to that used with the piece-
wise linear model, we fit Eq. (18) to all eleven Aga(gx, 7;x)
across the gap simultaneously for each nominal shear rate with
four fitting parameters: the width A and shear rate ¥ of the slip
region, the shear-thinning exponent m, and the velocity incre-
ment v,. The velocity profiles obtained from these fits are
shown in Fig. 8 as solid lines. The profiles obtained with this
power-law model show reasonable similarity to those obtained
with the piece-wise linear model. In particular, the two mod-
els are in good agreement regarding the size and shear rate
of the slip region near the outer wall. However, the quality
of the fits using the power-law model is inferior to that using
the piece-wise linear model, especially at the engineered shear

(18)

v(x,y)y 2
(Roul_xz) +y27]d)’] ‘

rates of 0.15 and 0.31 s—!. This difference in the quality of
the fits is indicated in Fig. 7, where the solid symbols show
the discrepancies y between the best fits using the power-
law model and the experimental Ag2(gx, 7;x). The power-law
model has a larger y than the piece-wise linear model with
three bands (n = 3) despite having one more free parameter.
The failure of the power-law model at the higher two shear
rates appears to result from the difficulty of the model in cap-
turing the region of plug-like flow in the middle of the cell gap
and the dramatic variation in velocity near the inner wall that
is produced by the piece-wise linear model.
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FIG. 9. Standard deviation in the decorrelation rate of Ags(gy,;x)
normalized by the mean decorrelation rate (a) across five measure-
ments at the same horizontal but different vertical positions in the
gap and (b) across five segments of a single measurement as func-
tions of horizontal position. Data is shown for the three engineered
shear rates, as indicated in the legend.

3. Spatial heterogeneity in flow

As mentioned above, a feature of the flow of the Gibb-
site dispersion is spatial heterogeneity in the velocity profile
along the vorticity direction, which becomes particularly pro-
nounced at the largest shear rate, 0.31 s—!. Evidence for this
heterogeneity comes from comparing XPCS correlation func-
tions obtained at the same horizontal beam position x but at
different heights z in the Couette cell. Recall that at each
horizontal position a set of five XPCS measurements were
performed at beam positions spaced by 60 pum along the z
(vorticity) direction. To quantify the heterogeneity at differ-
ent heights, we define the decorrelation rate I" of each nor-
malized correlation function as the inverse of the delay time
at which the function decays to 1/e and calculate the stan-
dard deviation o in the decorrelation rate over each set of five
measurements. Figure 9(a) displays this standard deviation,
normalized by the mean decorrelation rate, as a function hor-
izontal position x across the gap for the three shear rates. The
standard deviations at 0.31 s—! show a pronounced peak near
the middle of the Couette cell gap, x = 300 pum, indicating
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FIG. 10. (a) Scattering intensity at the wave vector of the structure
factor peak, @mqr = 0.083 nm—!, as a function of azimuthal angle
@ as seen in Fig. 4, where the shear rate is 0.038 s—! and the beam
passes through the side of the Couette cell at x = 55 ym from the
outer wall. The line shows the result of a fit using Eq. (19). (b) The
azimuthal angle of the peak in [ as a function of time from the same
measurement.

large heterogeneity in the velocity profile along the vorticity
direction in this region of the gap at the high shear rate. As
indicated in Fig. 8(c), this location in the gap coincides with
the interface between the region of plug-like flow and the re-
gion of high shear rate adjacent to the inner wall. Variations in
velocity profile along the vorticity direction have been shown
in systems that form shear bands, such as wormlike micelle
solutions, as a consequence of instabilities that develop at the
interface between bands>>>’. The heterogeneity at 0.31 s
implied by the large o, suggests such instabilities affect the
interface between the plug-like flow and high-shear regions.
In contrast, o, at shear rates 0.038 s—! and 0.15 s~! remains
relatively small across the cell gap, indicating no such insta-
bilities form at the lower shear rates. As described above, the
Ag2(gx,7:x) in Fig. 5 that are fit to model the velocity profiles
are averages over the five measurements at different z, hence
the strong heterogeneity at 0.31 s~! has implications for the
validity of the modeling and is likely a source of the relatively
large ¥ seen in Fig. 7 at this shear rate. One should therefore



interpret the velocity profile, particularly in the inner half of
the gap, as an approximate average over the variations in the
vorticity direction at this shear rate.

Instabilities in the interface between shear bands can also
be expected to fluctuate in time>. To obtain a measure of
temporal fluctuations in the velocity profile, we divided each
20-second XPCS measurement into five time intervals, each 4
seconds and 4000 frames long, calculated Ag2(gx,7:x) and its
decorrelation rate for each segment, and determined the stan-
dard deviations o; of these decorrelation rates. As shown in
Fig. 5, all Aga(gx,7;x) fully decay to zero by 7 =1 s, so the
4-second segments are adequate to determine a decorrelation
rate. Figure 9(b) shows the results for o;, normalized by the
mean decorrelation rates, as a function of position across the
gap. The standard deviations show a small apparent increase
on moving from the outer to the inner wall, but at all posi-
tions the temporal heterogeneity is significantly smaller than
the spatial heterogeneity near the middle of the gap at 0.31
s~!, indicating the spatial fluctuations in the velocity profile
at this shear rate have a lifetime that is long compared to the
20-second duration of the measurements.

4. Microscopic structure under shear

The strong shear thinning of the Gibbsite dispersion is pre-
sumably coupled to the tumbling behavior of the nematic di-
rector under steady shear, which also contributes to the non-
linearity of the velocity profile?*23. To understand this inter-
dependence between microstructure and rheology better, we
characterize the nematic order and its temporal and spatial
variations within the gap. Figure 10(a) shows the scattering
intensity I seen in Fig. 4 at the wave vector of the peak in
the structure factor, guax = 0.083 nm_l, as a function of az-
imuthal angle @ where the shear rate is 0.038 s~! and the beam
passes through the side of the Couette cell at x =55 pm from
the outer wall. The azimuthal dependence of the scattered
intensity is described by a Maier-Saupe-type orientation dis-
tribution function,

1(0) = Iyexp[aP(cos(0 — 6,,)) — 1], (19)

where Py(cos(6 — 6,,)) = %3((;05(6 —0,,) — 1) is the second-
order Legendre polynomial, ¢ is the width of the intensity
profile, Iy is the peak intensity, and 6, is the angle of max-
imum intensity, which specifies the angle in the vorticity-
gradient glane between the nematic director 7t and the gradient
direction®®%9_ The magnitude of the average orientational
order parameter can be determined by

5 _ Jo explaPy(6)]Py(6)sin(6)d6
=2 & explaPy(0)]sin(6)do (20)

Figure 11 shows the time-average values {6,,) and (P,) along
with those of the wave-vector position of the peak (gma) and
the average intensity at the peak (Ipeq) as functions of posi-
tion in the gap. The error bars indicate the standard deviations
over the five measurements at each horizontal beam position.
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These parameters characterizing the nematic structure show
a dependence on the shear rate that correlates with the vari-
ation in the velocity profile. At the two lower shear rates,
(B) is close to zero, and (P,) is roughly constant except in
and near the slip region at the outer wall where (6,,) shows
large fluctuations with position along the vorticity direction
and the order parameter is suppressed. In contrast, at 0.31 s~!
(6, deviates sharply from zero at x =~ 300 pum, the position
of the interface between the region of plug-like flow and the
high-shear-rate band, indicating the director orientation is af-
fected by the instability in the interface discussed above. Fur-
ther, (P) increases discontinuously near x = 300 pum, indi-
cating the degree of nematic order is enhanced and has high
stability in the high-shear-rate band. Meanwhile, (gya) as-
sumes a roughly constant value, g,,, =~ 0.83 nm~!, across the
gap at the lower shear rates but is notably larger and position-
dependent at 0.31 s—!. We interpret the reduction in g, with
a shear-flow induced tilt of the director in the flow-gradient
plane by an amount known as the Leslie angle®®. This tilt is
the smallest and hence gpq is largest at 0.31 s~! in the re-
gion of plug-like flow due to the wall anchoring and minimal
shear-induced tilt. We interpret the smaller g,,,, and hence
larger tilt at the lower shear rates as a result of reduced influ-
ence of wall anchoring due to the wider slip region at the outer
wall at those shear rates.

Figure 10(b) shows the temporal variation of 8,, during one
measurement, indicating fluctuations in the director during the
steady shear. The stability of the structure can be character-
ized by the temporal autocorrelation of 6,,, defined as

CortBy,(t) = (cos[Op(t +T) — On(2)]); , 21)

where the brackets signify averaging over all frames in one
measurement. Figure 12 shows Corr8,, as a function of de-
lay time at different positions in the gap at the three shear
rates. The five curves in each panel correspond to the five
measurements at different heights at each horizontal position.
Overall, the correlation function decays very little over the
time of a measurement and contains no periodic structure. At
the smallest nominal shear rate, the correlation curves decay
more slowly, indicating greater stability. At an intermediate
nominal shear rate, the correlation curves show large decay
at positions closer to the outer wall, and this behavior expands
further into the middle of the gap at the largest shear rate. Fur-
ther, at the highest shear rate, the correlation curves show a
fast decay and large variation among different measurements
in the half of the gap closer to the outer wall, while the other
half, which coincides approximately with the high-shear-rate
band, has a much more stable orientation, consistent with the
behavior seen in Fig. 11.

V. DISCUSSION

We have shown how one can extract a complex veloc-
ity profile under Couette flow, as illustrated in Fig. 8, from
XPCS measurements by scanning the gap with a beam that
is directed along the tangent of the Couette cell, so that the
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FIG. 11. Time average (a) angle between the nematic director and the
gradient direction, (b) order parameter, (c) amplitude of the intensity
at the structure factor peak, and (d) magnitude of wave vector of the
peak of the scattering pattern as functions of horizontal position in
the gap at the engineered shear rates indicated in the legend. Each
point is the mean across five measurements at the same lateral po-
sition and at different vertical positions, and the error bars represent
standard deviations across the five measurements.

scattering plane coincides approximately with the gradient-
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vorticity plane. We can draw three main conclusions from
Fig. 8 regarding the non-Newtonian flow behavior of the ne-
matic Gibbsite suspension that further illustrate the strengths
and weaknesses of this XPCS-based approach. First, a narrow
slip region at the outer wall forms at all shear rates. The small
beam size and small beam divergence ensure that we can re-
solve this region well. This characterization could potentially
be further improved beyond what we demonstrate here by em-
ploying an even narrower beam (< 2 um is achievable®!) and
more tightly spaced measurements across the gap. In doing so,
the spatial resolution achieved with the approach could reach
micrometer scale, which is superior to established techniques
for obtaining velocity profiles, such as USV, NMR, and het-
erodyne DLS. Moreover, the fact that the measurements near
the outer wall depend only on the flow behavior in that region
and are not convolved with the flow behavior in other regions
makes the interpretation of the slip region unambiguous.

Second, some slip appears to be present at the inner wall at
the two lower shear rates, but at the highest shear rate, the slip
in this region appears negligible. The evidence for this slip at
the inner wall, which is based on a comparison of the extrap-
olated flow velocity and the engineered velocity at the wall,
is only indirect, however. Direct characterization of the flow
at the inner wall would have required positioning the beam
precisely at the wall, and even then the results of the measure-
ment would depend not only on the flow behavior in the near-
wall region but also on the flow profile throughout the gap.
Indeed, as described above, this interdependence is a compli-
cating factor in the analysis of measurements away from the
outer wall that is a drawback of this approach.

Third, at the highest shear rate, we can identify two bands
in addition to the slip region at the outer wall, one of which
displays a plug-like flow with negligible shear rate and one
with a high shear rate near Jpp, = 1 s~!, or approximately
three times the engineered rate. The results further suggest
a sharp interface between these bands, but this conclusion is
complicated by the observed spatial heterogeneity of the ve-
locity profile along the vorticity direction, which is most pro-
nounced near the interface. This ability to resolve spatially
heterogeneity in the velocity profile along the vorticity direc-
tion is another strength of the approach. Further, the XPCS
results together with the SAXS results suggest that the sus-
pension at the highest shear rate is strongly inhomogeneous
both in the dynamic response and structure, as also observed
for liquid crystalline graphene oxide?. Specifically, the fluc-
tuations in the orientation of the nematic director, as charac-
terized by the decay of Corr6,(7), are most pronounced in
the region of plug-like flow near the interface with the high-
shear band (see the third column of Fig. 12 at x = 255 and
315 pm). Inside the high-shear band (x = 350 gum) these fluc-
tuations become much smaller, while also the spatial hetero-
geneity in the flow profile along the vorticity direction disap-
pears. These changes are further accompanied by changes in
the static structure, as seen in Fig. 11, where the average di-
rector orientation (B4, ), order parameter (P), and intensity
(I) are plotted versus position in the gap. Again, for 7 =0.31
s~! an abrupt change is observed between x = 255 and 315
pum. Thus, the formation of bands of different local shear
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FIG. 12. Temporal autocorrelation of 68,, as a function of delay time at different positions in the gap as labeled in each panel under engineered
shear rates 0.038 (left column), 0.15 (middle column), and 0.31 s"(right column). Each panel includes five sets of data corresponding to
measurements at the same lateral position but at different heights. Dashed horizontal lines at a value 0.9995 are included in some panels to aid

comparison.

rates coincides with the formation of bands of differing struc-  shear rates, these averaged values change smoothly with no
ture, which we can probe throughout the gap with a high spa-  abrupt jumps, which is consistent with the relatively smooth
tial resolution. We can thus conclude the flow is not stable  nonlinear velocity profiles at these shear rates. This ability to
around the interface, similar to what has been observed previ-  characterize the velocity profile and microstructure simultane-
ously in shear-thinning dispersions of Xanthan32. Our obser-  ously is another strength of the experimental approach.

vation of shear-band formation by the dispersion of nematic
platelets at high shear rates confirms the prediction that the
interplay between wall anchoring and tumbling motion can V1. CONCLUSION
induce a flow instability24’25, for which only structural evi-

dence in Poisseuille flow®® and Large Amplitude Oscillatory
Shear was previously available®. For the lower engineered

In conclusion, the combination of spatially resolved struc-
tural and dynamic information provided in one go by the rheo-



XPCS technique demonstrated here has enabled us to charac-
terize several key features of the nonlinear flow behavior of
nematic platelet suspensions and its coupling to the nematic
structure including (i) the presence of a slip region near the
stationary wall, (ii) the formation of a band of plug-like flow
with increasing shear rate, and (iii) an instability in the in-
terface between this band and an adjacent high-shear band.
One can imagine applying this technique to understand the
flow behavior of a host of other non-Newtonian fluids, partic-
ularly those with a nanoscale structure that couples to the flow
and is amenable to interrogation with small-angle x-ray scat-
tering. Looking to the future, one can further anticipate op-
portunities to expand this application of XPCS by leveraging
enhanced capabilities that ongoing and scheduled upgrades to
synchrotrons will afford. Specifically, the increased coherent
x-ray flux that the APS and other facilities are projected to
achieve in the coming years should enable XPCS measure-
ments using smaller beams and probing more weakly scat-
tering samples than possible today. They should also intro-
duce the possibility of conducting XPCS measurements with
higher-energy x-rays (to at least = 25 keV) whose penetration
depth will facilitate measurements on samples under flow in
environments that are not feasible today. The principles intro-
duced here in this rheo-XPCS study of Gibbsite suspensions
should provide a framework for this work.

VIl. SUPPLEMENTARY MATERIAL

Correlation functions g, measured with both silica and
Gibbsite colloid dispersions at various shear rates and all
eleven beam positions in the gap of Couette cell are shown
in Supplementary Material.
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