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Abstract Reversible shear thickening in colloidal sus-
pensions is a consequence of the formation of hy-
droclusters due to the dominance of short-ranged
lubrication hydrodynamic interactions at relatively high
shear rates. Here, we develop and demonstrate a new
method of flow-ultra small angle neutron scattering to
probe the colloidal microstructure under steady flow
conditions on length scales suitable to characterize the
formation of hydroclusters. Results are presented for a
model near hard-sphere colloidal suspension of 260 nm
radius (10% polydisperse) sterically stabilized silica
particles in poly(ethylene glycol) at shear rates in the
shear thinning and shear thickening regime for dilute,
moderately concentrated, and concentrated (ordered)
suspensions. Hydrocluster formation is observed as
correlated, broadly distributed density fluctuations in
the suspension with a characteristic length scale of a
few particle diameters. An order—disorder transition
is observed to be coincident with shear thickening for
the most concentrated sample, but the shear-thickened
state shows hydrocluster formation. These structural
observations are correlated to the behavior of the shear
viscosity and discussed within the framework of theory,
simulation, and prior experiments.
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Introduction

The nonlinear rheology of colloidal dispersions is a
direct response of flow-induced microstructural re-
arrangements. One of the most significant changes evi-
dent in stable, colloidal dispersion is shear thickening
(Barnes 1989), which is ubiquitous and marked by a
shear viscosity that increases with increasing applied
shear rate or shear stress. Shear thickening plagues
processes with high shear rates and high particle con-
centrations, such as paper coating, spraying, and the
efficient pumping of slurries, as well as the use of con-
crete (Lootens et al. 2004). However, it can be har-
nessed for benefit in novel electrorheological fluids
(Shenoy et al. 2003), unique materials that can simulta-
neously stiffen and dampen (Fischer et al. 2007), stab,
and puncture resistant flexible composites (Decker
et al. 2007), as well as enhanced body armor (Lee et al.
2003). Shear thickening has been shown to be a very
sensitive probe of the nanoscale forces operational in
controlling dense suspension rheology (Wagner and
Bender 2004).

The mechanism for reversible shear thickening in
stable colloidal dispersions is understood to be driven
by the dominance of short-range lubrication hydro-
dynamic interactions, which lead to particle clustering
(Brady and Bossis 1985). These flow-induced parti-
cle density fluctuations, denoted as “hydroclusters,”
first predicted by Stokesian dynamics simulations, were
then observed experimentally by rheo-optical (Bender
and Wagner 1995; Dhaene et al. 1993) and neutron scat-
tering methods (Bender and Wagner 1996; Maranzano
and Wagner 2002; Newstein et al. 1999). A fundamen-
tal theoretical understanding of hydrocluster formation
has been developed via suspension micromechanics
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(Bergenholtz et al. 2002; Brady and Morris 1997). Un-
derstanding the formation and structure of these hy-
droclusters is fundamental to understanding suspension
rheology (Brady 1996). As noted by Brady and Bossis
in their seminal review of the Stokesian dynamics
method (Brady and Bossis 1988): “Thus the importance
of cluster formation, which results from the lubrication
forces and excluded volume, cannot be underestimated
in understanding suspension behavior.”

Simultaneous measurements of structure and rheol-
ogy are required to elucidate the mechanism by which
flow-induced microstructural rearrangements manifest
in nonlinear suspension rheology. Previous work has
examined the structure of concentrated colloidal suspen-
sions under shear flow via small angle neutron scatter-
ing (SANS) (Ackerson et al. 1986; Bender and Wagner
1996; Dekruif et al. 1988; Gopalakrishnan and Zukoski
2004; Johnson et al. 1988; Laun et al. 1992; Lee and
Wagner 2006; Lindner and Oberthur 1984; Maranzano
and Wagner 2002; Newstein et al. 1999; Vanderwerff
et al. 1990; Watanabe et al. 1998), but SANS is limited
to particle radii under 100 nm to be able to capture
the structure on the nearest neighbor length scales and
substantially smaller particles are required in order
to probe longer length scale clustering. However, the
stresses and, hence, shear rates required for the onset
of shear thickening in hard sphere dispersions scale
inversely with particle size cubed (Krishnamurthy et al.
2005; Lee and Wagner 2006; Maranzano and Wagner
2001), making it difficult to generate, as well as main-
tain, a stable experiment for sufficiently long dura-
tions at the required high shear rates in the SANS
Couette cell (see, for example, Bender and Wagner
1996; O’Brien and Mackay 2000). Larger, ~0.5-pum par-
ticles have been used in commercially relevant protec-
tive materials of recent interest; however, rheo-SANS
experiments are unable to probe the length scales re-
quired to observe hydrocluster formation in these sus-
pensions. Finally, although suitable length scales can
be probed with light scattering (Ackerson et al. 1989;
Tomita and Vandeven 1984; Wagner and Russel 1990;
Woutersen et al. 1993) or direct visualization (Vermant
and Solomon 2005), few concentrated dispersions are
suitably transparent.

Small-angle X-ray scattering and ultra-small-angle
X-ray scattering have also been employed to probe
dilute and concentrated colloidal dispersions (Hoekstra
et al. 2002, 2005; Versmold et al. 2001, 2002a, b, 2005)
and could potentially achieve the length scales of inter-
est here. However, X-ray scattering from concentrated
suspensions can be limited by multiple scattering and
background scattering, which cannot be easily miti-
gated in an X-ray scattering experiment. Isotope substi-
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tution, however, can reduce unwanted background and
multiple scattering in SANS experiments.

To probe hydrocluster formation in model hard-
sphere dispersions, we develop a new method of flow-
ultra small angle neutron scattering (USANS) to probe
length scales up to 20 um (Bhatia 2005) in a suspension
under steady shear flow. Here, we report the first flow-
USANS measurements on concentrated colloidal dis-
persions to examine the suspension microstructure and,
in particular, the possible formation of hydroclusters in
the shear thickening flows at high shear rates.

Experimental
Materials

Commercially sourced silica particles obtained as a
dry powder were dispersed in poly(ethylene glycol)
(PEG-200, Clarient, n = 42 mPa-s) by roll mixing for
24 h at room temperature. The particle density was
determined via solution densitometry (Anton Paar,
Model DMA 48) in PEG-200 following a standard
protocol (Lee and Wagner 2006) and the values are
reported in Table 1. Dynamic light scattering (DLS)
measurements (Brookhaven Zeta-PALS at 678.0 nm
and 90°, five repeats on four samples of varying con-
centration in ethanol) yielded a hydrodynamic radius
of 289 + 58 nm (errors given are 95% confidence
intervals). Scanning electronic microscopy (SEM) im-
ages were analyzed by taking two perpendicular mea-
sures per particle on 22 particles from two micrographs
(Fig. 1). This measurement yielded a number average
radius of 255 + 20 nm, and the measured particle aspect
ratio was not statistically different from zero. As will
be shown, a USANS measurement discussed below
yields a fit particle size of 260 nm diameter with 10%
polydispersity based on a Schulz distribution (Schulz
et al. 1962; Wagner et al. 1991). The excellent agree-
ment between the measurements shows the particles to

Table 1 System properties and data

0si02 1.96 g/mL

PPEG 1.13 g/mL

NPEG 42 mPa-s
Mobility <1071 m2. V1!
a—DLS 289 + 58 nm
a—SEM 255+ 20 nm
a—USANS 260 £ 26 nm

Particle sizes include 95% confidence interval, except that mea-
sured via USANS, which references the standard deviation
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Fig.1 SEM micrograph of silica particles

be spherical, dispersed in solution, and polydisperse in
size.

The surface charge (Maranzano et al. 2000) was
probed with a highly sensitive Zeta-PALS instrument
(Brookhaven), using ethylene glycol to lower the sol-
vent viscosity and enhance sensitivity. The electro-
phoretic mobility was below measurement detection
and can be assumed to be below 107! m?.V-Is~!
(McNeil-Watson et al. 1998).

Rheological testing

Shear rheology was measured on a stress rheometer
(TA Instruments AR-G2, 40 mm 1° aluminum cone
and peltier plate at 25 & 0.1°C). The samples were pre-
sheared to remove any loading history by a continuous
stress ramp from 0.01 Pa to 1,000 Pa for 3 min for
the two lower concentration samples and from 0.1 to
1,500 Pa for the highest concentration sample. After
the preshear, the time to achieve steady state was
ascertained by shearing at low stresses. (0.01 Pa and
0.1 Pa were applied for 2 min each for the two lowest
concentrations; the concentrated sample was sheared at
0.1 and 1 Pa.) Finally, steady-state stress sweeps from
0.01 to 800 Pa, 0.01 to 1,000 Pa, and 0.1 to 1,500 Pa
were performed for the ¢ = 0.194, 0.391, and 0.490
samples, respectively. The constant stress tests were
repeated, and then steady state sweeps from high to
low stress over the same stress range were performed to
measure hysteresis or sample degradation. All samples
were stable and reversible with negligible hysteresis.

USANS measurements

USANS experiments were performed using the BTS
thermal neutron double-crystal instrument at the
National Institute of Standards and Technology
(NIST), National Center for Neutron Research
(NCNR) in Gaithersburg, MD (Barker et al. 2005;
Kim and Glinka 2006). The USANS instrument uses
multiple reflections from perfect crystals both to tightly
collimate the neutron beam before the sample and
select a small wavelength range to be detected on the
line detector after the sample. This geometry gives no
measure of flow-induced anisotropy. USANS mea-
surements on quiescent samples were performed in
1-mm-thick titanium sandwich cells with quartz win-
dows, except for the highest concentration sample,
which was measured in the shear cell due to loading
issues in the sandwich cell. The data as recorded
has both wavelength smearing (A = 2.38A, AMA =
5.9% wavelength spread) and effective slit smearing
(due to the low vertical resolution). The slit smearing
dominates, and so, only slit-smearing will be applied to
models to fit to the data (Kline 2006).

Here, we also perform the first reported flow-
USANS measurements by inserting as the sample
geometry the NIST-SANS shear cell (Maranzano et al.
2000; Straty et al. 1991). This sample geometry is a
Couette cell with a 60-mm inner quartz cylinder and a
61-mm outer quartz cup driven by a servomotor. The
beam is oriented radially through the center of the
Couette along the velocity gradient direction and there-
fore passes through the sample twice. The scattering is
a projection in the velocity—vorticity (1-3) plane. The
data were reduced using standard procedures (Kline
2006). As noted, USANS yields slit smeared data;
hence, under shear, USANS yields a one-dimensional
scattering profile that is a slit-smeared average over an
anisotropic scattering pattern in the velocity—vorticity
(1-3) plane of flow. Therefore, presently, it is not pos-
sible to desmear data acquired under flow.

Scattering modeling and analysis

Scattering data from monodisperse scatterers, in terms
of absolute scattered intensity (/) versus scattering
vector (q), is described by

1(q.7) = A*P(q.a)*S(q.a.¢.y) + B, (1)

where A is a concentration dependent prefactor;
S(q.a, ¢, y) is the structure factor, a function of vol-
ume fraction, particle size, and particle interactions in
the static case but also a function of shear rate (or
stress) and, possibly, the flow history; P(q, a) is the
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particle form factor, a function of the particle shape and
size; and B is the background scattering, assumed here
to be just the incoherent scattering expected based on
sample chemistry. The prefactor A is given by Eq. 2:

A =n,VZ(Ap) =V, (Ap)?, 2)

where n, is the number of particles per unit volume,
V), is the volume of a particle, and Ap is the difference
in scattering length densities (SLD) of the particle and
solution. The particle form factor P(q, a) for a sphere is
isotropic and is given by Eq. 3:

Plq.a) = |:3 (sin (qa)(;a()]sa cos (qa))j| . 3)

The static structure factor is given by Eq. 4 as the
Fourier transform of the radial distribution function,

g(r):
S(q)=1+ n/ [g(@) — 1] e "9 dr, (4)

which will be isotropic at rest but can be anisotropic
under flow even for spherical particles (Maranzano
and Wagner 2002). In the limiting case, as ¢—0,
S(q, ¢ —> 0)=1.

The USANS data as collected is slit-smeared. The
correction for smearing is given by Eq. 5 under the
assumption of isotropic scattering,

Aqy

I (q) = Alqv / I <,/q2 + u2> du, (5)

0

where I is the smeared intensity and Aq, is the
maximum extent of the vertical resolution in the in-
strument (Kline 2006). When comparing USANS and
SANS data, it is important to note that the instrumen-
tal smearing of the model in the USANS experiment
causes the /(q = 0) in a USANS measurement [where
P(q = 0) = 1] to decrease substantially due to resolu-
tion smearing, and is given by Eq. 6:

_ VB3rgV, (Ap)* % S(q=0,4a,¢)

I(q=0 + B, (6

s(a=0) CR.Aa) (6)
where R, is the radius of gyration of the scattering
body.

The form factor was determined from a dilute, static
measurement (¢ = 0.01) and by fitting to the model
for a sphere (Eq. 3) that is integrated over a Schulz
size distribution (Schulz et al. 1962) and smeared for
instrument resolution (Eq. 5).

1(q,¢ =001,y =0) = ¢V, (Ap)**P(q,a,0)
+ B (¢ =0.01), (7)
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where the average radius a and polydispersity o are the
fit parameters and V, = 472“3. The volume fraction is
calculated from the measured densities and weights of
addition, and the SLD is allowed to vary only slightly
(~10%) from the calculated value.

For concentrated samples at rest, a polydisperse
core-shell, hard-sphere structure factor is used for
S(q, a, ¢), where the core size is taken as the radius
determined from the form factor, and a thin shell thick-
ness is allowed to compensate for the surface stabilizing
layer on the particles. The model approximates the
effective hard-sphere structure factor equivalent to the
multicomponent expression by using a monodisperse
structure factor at an effective sphere diameter and
volume fraction to account for polydispersity (see NIST
SANS analysis docs or Kline 2006).

For the samples under flow, the data can neither be
desmeared, as it is anisotropic, nor can it be forward
smeared for comparison with the data as no model ex-
ists at present for the anisotropic structure under flow.
Therefore, we define an effective structure factor [as is
often done for polydisperse systems in SANS (Wagner
et al. 1991)] by dividing the measured intensity by the
model that is fit to the dilute scattering data, appro-
priately corrected for the change in particle concentra-
tion, as:

1(q.6.7)— B (@)
I(q, ¢ =001, =0), — B (¢ = 0.01)

Seﬁ(q, o, );) _

Results
Rheological testing

The steady-state shear viscosity measurements are
shown in Fig. 2, both in terms of the shear rate and the
Peclet number (Pe = 67 ua®/k, T). The points marked
with drop down lines indicate shear rates at which the
USANS scattering measurement was performed. The
lowest concentration sample shows only mild shear
thinning and thickening, only noticeable on the ex-
panded linear viscosity scale. The higher-concentration
samples show significant amounts of shear thinning and
thickening. Forward and backward sweeps are shown;
the sample has little hysteresis and the shear thicken-
ing is reversible. Additional stress jump experiments
shown in Fig. 3 indicate that the structural changes are
faster than the measurement data acquisition time scale
(10 ms) and that the viscosity is steady with time at
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Pe Table 2 Suspension properties
10°10%10% 10" 10° 10" 10* 10° 10* 10° 10° ¢ 0.194 0.391 0.490
T Solids wt.% 29.4 527 62.5
4 . 1. (Pa) 12.9 63.0 226
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1o 0=0.391.52.7% wt — Schulz distribution with o/a = 10%. The best fit yielded
1A 0=0.491, 62.5% wt a radius of 260 nm, in good agreement with SEM
1073 ] measurements (Table 1). The SLD difference used in
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Fig. 2 Steady-shear viscosity of a suspension of silica in PEG.
The inset shows an expanded vertical scale for the low-volume
fraction sample to show the shear thinning and shear thickening
behavior

all shear stresses. These rheological characteristics are
consistent with those reported previously for similar,
near hard-sphere shear thickening colloidal dispersions
(Bender and Wagner 1996; Maranzano and Wagner
2002). The critical values of shear stress, shear rate, and
viscosity at the onset of shear thickening (as denoted by
the minimum in the viscosity curve) are given in Table 2
along with the suspension concentrations. These values
of the critical stress are in good agreement with pre-
viously reported values for dispersions of hard spheres
(Maranzano and Wagner 2001).

3
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Fig. 3 Stress jump measurements on the ¢ = 0.391 SiO»/PEG
suspension. The dashed line indicates the applied stress and the
solid lines indicate the measured viscosity

the fit of Ap =2.06 x 10-® A~2 compares well with the
calculated value of 2.57 x 10~% A=2, which assumes the
particles as pure SiO; and the PEG as pure CgOsHs,
ignoring any surface stabilizer, particle impurities, sol-
vent impurities (including polydispersity in the PEG
molecular weight), or porosity of the particles.

Static USANS measurements of the concentrated
samples are shown in Fig. 5 along with fits to the core-
shell hard-sphere model, appropriately smeared. The
assumption of a shell with no contrast from the sol-
vent was used to account for any surface stabilizers, as
well as any other repulsive interparticle interactions.
Neither a normal hard-sphere structure factor nor a
structure factor based on any simple potential such
as the sticky hard-sphere or square-well potential was
able to satisfactorily fit these data. In the fitting, the
radius and polydispersity determined from the fit of
the dilute sample were used. The shell thickness and
sphere core SLD were adjusted to give the best fit
and the parameters given in Table 3. A good fit is

I(q) (cm")

¢

10" 5
: ® ¢=0.00961 Silicain PEG
1 = Smeared Form Factor Fit 1
0.000 0.001 0.002 0.003
R -1
q@A’)

Fig. 4 USANS form factor fit of dilute particle suspension

@ Springer



Rheol Acta (2009) 48:897-908

902
10° 3
- 10'3 3
= E
L
> o \&x4
10° 5 oy
m 0=0391, t=14.6nm
A 0=0.490, t=17.9nm
102 T T T T T T T T T T T
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

q(A™

Fig. 5 Static USANS measurements of SiO,/PEG suspension
with core-shell fits (/ines). The data are shifted as denoted for
clarity of presentation

achieved for the two lowest volume fractions. At the
highest volume fractions, the effective suspension vol-
ume fraction (Table 3) accounting for the shell is well
above the volume fraction where hard spheres crys-
tallize (55 vol%) (Pusey and Vanmegen 1986). The
data show evidence for a Debye-Shearer peak from a
polydisperse crystalline order that is at lower q than
would be predicted for a liquid-like order, which is
consistent with a polycrystalline structure having, on
average, greater nearest neighbor separation than a
liquid at the same packing fraction. The sample’s 10%
polydispersity is just slightly lower than would be ex-
pected to prevent crystallization (Pusey and Vanmegen
1986). This evidence of crystalline order is consistent
with the shear viscosity exhibiting evidence of a yield
stress (Fig. 2) rather than a finite zero shear viscosity.

USANS transmission measurements

Two transmission measurements are taken in a USANS
experiment. One measurement is the ratio of the inten-
sity at zero angle, in the center of the rocking curve,
of the sample compared to the empty cell, or Tiock-
The other measurement is at a large angle, Tyige, Which

Table 3 Parameters from USANS fitting

Pcalc 0.194 0.391 0.490
bt 0.24 0.46 0.60
o(SLD, SiOy) x 10° A2 2.88 2.76 2.86
p(SLD, PEG/shell) x 106 A2 0.517 0.517 0.517
Shell thickness (nm) 18.7 14.6 17.9

measures transmission from all small-angle scattering
(Barker et al. 2005). The ratio of the two, Trock/ Twides
is the fraction of the beam that undergoes small-angle
scattering; multiple scattering can be ignored if this
ratio is less than 0.9 (Schelten and Schmatz 1980).
The measured transmission, seen in Table 4, varied
from 0.843 to 0.899, indicating only a small amount
of multiple scattering in measurements, and therefore,
no further corrections are applied to the data. Also,
note that this ratio does not vary substantially or sys-
tematically with shear rate, indicating that the integrity
of the sample is maintained during the flow-USANS
experiments.

Flow-USANS measurements

USANS measurements taken under steady shear at
four shear rates for each of the three concentrated
suspensions are shown in Fig. 6, which includes the
data collected under static conditions for comparison
(Fig. 5). The scattering data collected with the sample
under shear are shifted vertically by progressive factors
of two for clarity of presentation. The predominant
new feature evident in measured intensity under shear
is the shift of the scattering peak to lower scattering
vector magnitudes, especially for high shear rates in the
shear thickening regime. For the lowest concentration
sample, the development of a very broad correlation
peak at q~4 x 1073 A-! is evident with increasing
shear. The moderate concentration sample exhibits a
scattering peak at rest that increases in magnitude and
then broadens and shifts to lower wave vector with
increasing shear rate. The high concentration sample
shows a sharp peak indicating order or crystallinity
upon shearing, which melts into a broad shoulder at

Table 4 Transmission measurements from USANS experiments

¢ Shear rate (s~ 1) Twide Trock T

0.194 04 0.702 0.616 0.877
0.194 10 0.701 0.602 0.859
0.194 100 0.702 0.604 0.860
0.194 1,000 0.699 0.598 0.856
0.391 04 0.739 0.634 0.858
0.391 10 0.739 0.623 0.843
0.391 200 0.736 0.621 0.844
0.391 1,000 0.734 0.620 0.845
0.490 04 0.760 0.656 0.864
0.490 10 0.759 0.646 0.852
0.490 60 0.757 0.643 0.850
0.490 200 0.757 0.646 0.853
0.194 Static cell 0.731 0.657 0.899
0.391 Static cell 0.759 0.662 0.873
0.491 0 0.784 0.694 0.885

@ Springer



Rheol Acta (2009) 48:897-908 903
Fig. 6 Flow-USANS —— . . . : :
measurements for low u F?gs_’, =045’ 1 4500
(¢ = 0.194, top), moderate e Y.=1°SJ_1 {3000
(¢ = 0.391, middle), and 4 oo s e00
high (¢ = 0.490, bottom) hAe 1 N e 1o
concentration suspensions xXxYy 1
of SiO3 in PEG. Left: I(q) Coacedxy 1-1500
data under static conditions ooooBe . : 1 -3000
and at each shear rate, shifted L. 1 -4500
by 2x, 4%, 6x, and 8x in .
order. Right: I(q) data 4500 __
under shear subtracted 413000 %
from rest [1(q)starc] 11500 .
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low q at the highest shear rate in the shear thick-
ening regime. These results are similar to prior obser-
vations using SANS (Bender and Wagner 1995, 1996;
Maranzano and Wagner 2002; Watanabe et al. 1998),
but these USANS measurements extend the range of
observation to sufficiently low scattering vectors to
capture the microstructure in the hydrocluster state at
length scales sufficiently larger than the nearest neigh-
bor distances.

To better elucidate the shear-induced structural
changes, the right panels in Fig. 6 show the subtraction
of the intensity under shear minus that at rest. For
the lowest concentration, increasing shear flow leads to
the development of a strong, broad correlation peak at
q~4 x 107 A~!. This is indicative of cluster forma-
tion (Stradner et al. 2004), with a characteristic length
scale given by L ~27/qmax ~1,500 nm, or about three
particle diameters. Note that this is not a fractal-like
or porous structure forming, as it is a clear peak in the
scattering and not simply increased forward scattering.
The minimum at higher q is due to a reduction in the
equilibrium correlation peak in the structure factor,
which is very weak at these low concentrations. Note
that hydrocluster formation precedes the actual rise
in the overall viscosity as the viscosity is comprised
of a shear thinning component due to interparticle
forces and a hydrodynamic component sensitive to

the hydrocluster formation (Bender and Wagner 1995;
Dhaene et al. 1993). The onset of shear thickening of
the hydrodynamic component occurs before the visible
rise in the total viscosity (Bender and Wagner 1995;
Bergenholtz et al. 2002; Gopalakrishnan and Zukoski
2004). Similar results are observed for the medium con-
centration dispersion, but this loss in the equilibrium
structure correlation peak is more evident as the
peak shifts and broadens to lower q progressively with
increasing shear rate. Further, the peak positions are
located at higher q than for the lowest concentration
sample due to increased particle concentration. A qual-
itative difference in behavior is observed for the most
concentrated sample, where shearing greatly enhances
the Bragg peak evident at equilibrium, which is con-
sistent with shear-induced alignment of polycrystalline
samples (Chen et al. 1994). Further shearing leads to
shear thickening, which is accompanied by a loss in
order (large negative peak) and the formation of a clus-
ter peak that is qualitatively similar to that observed for
the lower two concentrations, but broader and lower in
magnitude.

Attempts were made to develop real-space models
to fit these complex structure factors under flow, but
no successful, physically meaningful fits were achieved.
This is most likely due to the highly anisotropic nature
of the scattering at high shear rates (Laun et al.
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1992; Lee and Wagner 2006; Maranzano and Wagner
2002; Newstein et al. 1999; Watanabe et al. 1998); slit
smearing; and, possibly, multiple scattering. Therefore,
we proceed to further analyze and discuss the results
through the effective structure factors as defined in
Eq. 8.

The measured effective (smeared) structure factors
for the samples at rest are shown in Fig. 7. Also in-
cluded in Fig. 7 is the calculated effective polydisperse
hard sphere structure factor; this calculated structure
factor is the same structure factor used in Fig. 5, com-
bined with the particle form factor and instrumental
smearing. Note that, as discussed in the “Experimental”
section, the measured effective structure factors will
only equal the actual structure factor if there are no
effects of instrument smearing, anisotropy, size polydis-
persity, or multiple scattering—hence, the quantitative
differences with the true structure factors shown for
reference in Fig. 7. Nonetheless, this comparison shows
the features of these effective structure factors qualita-
tively represent those of the true, underlying structure.
Also shown is the form factor, where the first form
factor minima is observed to fall just beyond the first
peak in the scattering and, therefore, does not interfere
with the observations of how that peak shifts under
shear flow.

Figure 8 shows the effective structure factors under
flow, which look similar in form to those at rest but
evolve systematically with applied shear rates. With
increasing shear rate, the nearest neighbor peak shifts
to higher q, indicating particles moving closer together,
while a broad shoulder develops at lower q. To better
illustrate the shear-induced microstructural changes,
the right panel of Fig. 8 shows the corresponding dif-
ferences as the subtraction of these effective structure
factors under flow minus the static values. Two features
are clearly evident in the lowest concentration sample:
flow enhances the structure peak corresponding to the

nearest neighbor correlations, and high shear rates lead
to the growth of a broad peak centered around q.*~4 x
10~* A~'. This new peak not evident in the equilibrium
structures indicates clusters with a characteristic cluster
separation distance of 27/q.*~1,500 nm (Groenewold
and Kegel 2001; Stradner et al. 2004). The second,
sharper peak, centered on g,*~1.4 x 1073 A~ in-
dicates the interparticle separation distance within a
cluster of 27/qn*~450 nm, slightly smaller than the
diameter of a particle, indicating that the particles are
nearly close-packed (note, this value is approximate
partly due to the smearing effects present in the effec-
tive structure factor). For the lowest concentration,
¢ = 0.194 sample, the higher q peak (nearest neighbor
correlation) appears already at the lowest shear rate,
but the cluster peak does not appear until 10 s~!, at
which point there is little change up to a shear rate
of 1,000 s~!. Note that the shear viscosity is thinning
at the lowest measured shear rate (0.4 s~') and only
weakly shear thickening for the three higher shear
rates (10, 102, 10° s=!). Also, at this concentration, the
peak locations do not change with shear rate. Finally,
large rearrangements are evident at this lower vol-
ume fraction in part because there is substantial free
volume available to accommodate restructuring of the
microstructure by flow.

At moderate concentration of ¢ = 0.391, a similar
effect is observed, where the first peak in the struc-
ture factor broadens with increasing shear rate. This
leads to a splitting in the subtracted pattern, as particle
correlations strengthen at both lower q (cluster peak)
and at higher q (close packing) relative to the liquid
correlation peak at rest. Note that the structure factor
at this concentration and low q is very low, and so,
the magnitude of the cluster peak is small; the changes
are more evident when examining the intensity directly
(Fig. 6). At the lowest shear rate, in the shear thin-
ning regime, the primary difference is an increase in
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the magnitude of the correlation peak compared to
static conditions. At the three highest shear rates, the
viscosity reaches an intermediate shear plateau before
gradually shear thickening. In this regime, a cluster
peak forms with the associated shift of the nearest
neighbor peak toward close packing. The magnitude of
the restructuring under flow is less than that observed at
the lower volume fraction as the fluid is concentrated,
so there is substantially less free volume available for
restructuring. Nonetheless, relatively small changes in
microstructure can have substantial quantitative effects
on the shear viscosity at these high concentrations.
Finally, for the most concentrated sample, the pri-
mary peak corresponds to a first-order Bragg peak for
a closely packed structure at an effective volume frac-
tion of ~0.6. This peak continues to sharpen and grow
with increasing shear rates, while the viscosity shows
shear thinning. Only at the highest shear rate, which
shows substantial shear thickening, does the sample
exhibit the traits observed for the liquid samples de-
scribed previously, namely, the formation of a cluster
peak at low q and the commensurate enhancement of
scattering intensity corresponding to a closely packed
neighbor correlation. Ordering of the suspension into
shear planes, observed via these measurements, leads
to a lower viscosity fluid (Rastogi et al. 1996), whereas
the hydroclustering seen at higher shear rates leads to a

substantial increase in the hydrodynamic component of
the viscosity (Brady and Bossis 1988; Brady and Morris
1997; Laun et al. 1992; Maranzano and Wagner 2001).
We also observe evidence for the loss of order upon
shear thickening from a flowing, crystalline suspension
as originally proposed by Hoffman (Hoffman 1972).
The mechanism for flow destabilization proposed by
Hoffmann is hydrodynamic in origin (i.e., neighboring
particles coupling hydrodynamically due to fluctuations
in position, leading to doublet rotation out of the flow-
ing shear planes and disruption of the stratified flow).
However, the mechanism of returning to a liquid-like
structure under flow is insufficient to explain the magni-
tude of the increase in viscosity upon shear thickening
(Laun et al. 1991) (although, see Hoffman 1998 for a
differing viewpoint). The measurements here, however,
show that the large increase in stress is accompanied
by the formation of hydroclusters (Bender and Wagner
1995; Bossis and Brady 1989; Brady and Bossis 1988;
Brady and Morris 1997; Dhaene et al. 1993; Maranzano
et al. 2000; Melrose et al. 1996; Newstein et al. 1999;
O’Brien and Mackay 2000; Phung et al. 1996; Watanabe
et al. 1998), a microstructure with correlated density
fluctuations that is distinctly different from that for
a flowing liquid. Indeed, previous measurements have
demonstrated a quantitative correlation between the
hydroclustered microstructure of the shear thickened
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state and the shear rheology (Maranzano and Wagner
2002).

These USANS measurements show that reversible
shear thickening is accompanied by correlated density
fluctuations, denoted as hydroclusters, and that these
hydroclusters are of finite extent and are comprised
of fluctuations of closely packed particles. These re-
sults are in good qualitative agreement with simulations
of flowing suspensions that include hydrodynamic in-
teractions (Bossis and Brady 1989; Brady and Bossis
1988; Brady and Morris 1997; Catherall et al. 2000;
Melrose and Ball 2004; Melrose et al. 1996; Phung
et al. 1996), and are consistent with prior experimental
measurements showing structural changes on the length
scale of the nearest neighbor correlations upon shear
thickening. The new results, however, are an explicit
demonstration of a cluster peak in the hydroclustered
state, suggesting that hydroclusters are of finite extent
and are highly correlated.

Finally, although USANS provides new and valuable
evidence for the time-averaged structure of the hydro-
clustered state, the technique is limited in that it cannot
provide information about the temporal nature of the
fluctuations that are sometimes observed in shear thick-
ening dispersions near the jamming transition (Lootens
et al. 2003). Furthermore, unlike prior work, where a
quantitative 3-D reconstruction of the shear-thickened
microstructure enabled quantitatively connecting the
microstructure to the hydrodynamic and thermody-
namic stresses (Maranzano and Wagner 2002; Wagner
and Ackerson 1992), the 1-D averaging of the USANS
spectra prevents us from performing a similar quanti-
tative analysis. Nonetheless, these results demonstrate
that new correlations arise in hydroclustered colloidal
suspensions. A new sample environment developed for
SANS now enables measurements in the 1-2 plane
of shear (Liberatore et al. 2006). Future studies will
be performed with this instrumentation to resolve the
structure of hydroclusters in the plane of shear.

Conclusions

Flow-USANS measurements under flow have been con-
ducted for the first time to study the restructuring of
the colloidal microstructure during shear thinning and
shear thickening on length scales sufficient to elucidate
the formation of hydroclusters. These observations pro-
vide direct evidence for the formation of hydroclusters
in stable, near hard-sphere colloidal suspensions at high
Peclet numbers. Further, we find the hydroclusters to
be correlated density fluctuations of finite spatial extent
in a shear thickening colloidal suspension. The hydro-
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clusters are essentially close-packed. The breadth of
the scattering cluster peak suggests a broad size range
for these fluctuations, but a more detailed analysis is
not possible given the instrument limitations of slit
smearing anisotropic structures. The structural mea-
surements confirm expectations that hydroclusters are
fluctuations in the form of transient, compact clusters
as opposed to large, cell-spanning, fractal-like aggre-
gates. In addition, the measurements compare well
with prior optical and SANS measurements, as well as
simulation and theory showing that the hydrocluster
formation precedes the rise in measured viscosity. We
also demonstrate, in agreement with prior work, that an
order—disorder transition may accompany shear thick-
ening, but that it is not necessary for shear thickening,
and that the shear-thickened state after shear melting is
marked by the presence of hydroclusters.
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