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Synopsis

The shear rheology and shear-induced microstructure of polysethylene glycold sPEGd-based
suspensions of acicular precipitated calcium carbonate sPCCd particles of varying particle aspect
ratio snominal L /D,2, 4, 7d are reported. These anisotropic particle suspensions demonstrate both
continuous and discontinuous reversible shear thickening with increasing applied shear rate or
stress similar to that observed for suspensions of spherical colloidal particles. The critical volume
fraction for the onset of discontinuous shear thickening decreases as the average particle aspect
ratio is increased. However, the critical stress for shear thickening is found to be independent of
particle anisotropy and volume fraction. Rather, it can be predicted based on the minor axis
diameter of the particles and is found to agree with values for near hard-sphere suspensions. Small
angle neutron scattering during shear flow sRheo-SANSd demonstrates that long-axis particle
alignment with the flow direction is maintained throughout the range of shear stresses investigated,
including the shear thickening regimes for both continuously and discontinuously shear thickening
PCC/PEG suspensions. Rheo-SANS and transient rheological experiments indicate that this
reversible shear thickening is a consequence of lubrication hydrodynamic interactions and the
formation of transient hydroclusters of flow-aligned particles. © 2005 The Society of

Rheology. fDOI: 10.1122/1.1895800g

I. INTRODUCTION

Suspensions containing anisotropic particles, such as clays, pigments, and inorganic
mineral crystals have significant commercial importance in several industrial applica-
tions. The manufacture of paper products often employs suspensions of clays such as
kaolin as well as precipitated calcium carbonate sPCCd to improve paper opacity and
gloss factor fLee and Reder s1972d; Beazley s1980dg. In industrial paper coating pro-
cesses, it is advantageous to apply anisotropic particle coating suspensions with high
solids loadings to reduce the drying time required for solvent removal. Processing speeds
and coating quality are often limited by the suspension rheology. Qualitatively, concen-
trated suspensions containing anisotropic particles demonstrate similar rheological re-
sponses to shear flow as observed in concentrated spherical sisotropicd particle suspen-
sions, such as reversible shear thinning and shear thickening, yielding behavior,
thixotropy, etc. fLee and Reder s1972d; Beazley s1980dg. Rheological and microstructural

adAuthor to whom correspondence should be addressed; electronic mail: wagner@che.udel.edu

© 2005 by The Society of Rheology, Inc.
719J. Rheol. 49s3d, 719-746 May/June s2005d 0148-6055/2005/49s3d/719/28/$25.00



differences observed between anisotropic and spherical particle suspensions are often
attributed to excluded volume effects; where increasing particle anisotropy results in
geometrically hindered particle motion at particle loadings significantly less than the
maximum packing fraction fJogun and Zukoski s1996dg. Of particular concern to coating
and transport processes is that shear thickening in anisotropic particle suspensions can
damage process equipment and lead to poor coating quality fBeazley s1980dg.

The reversible shear thickening transition in suspensions of spherical particles has
been studied extensively in the literature. A characteristic of the shear rheology of spheri-
cal silica and plastisol suspensions is that shear thinning is observed with increasing shear
rate, which may be followed by shear thickening at higher shear rates fHoffman s1972d;
Laun s1984d; Maranzano and Wagner s2001adg. It is believed that the increase in viscosity
observed during reversible shear thickening in concentrated colloidal suspensions is the
result of shear induced microstructural changes that occur within the fluid. Early inves-
tigations attribute the change in rheological response from shear thinning to shear thick-
ening behavior to an order-disorder transition within the concentrated suspension fHoff-
man s1972, 1974dg. The disruption of a flow-ordered structure was thought to result in
increased particle interactions, leading to increases in suspension viscosity fHoffman
s1974d; Boersma et al. s1992d; Laun et al. s1992dg. Simulations fBrady and Bossis
s1988d; Catherall et al. s2000dg and experiments fD’Haene et al. s1992d; Bender and
Wagner s1995d; Kaffashi et al. s1997d; O’Brien and Mackay s2000d; Maranzano and
Wagner s2002d; Newstein et al. s1999dg have shown that reversible shear thickening
results from the formation of hydroclusters, or transient stress bearing particle aggregates
that form as a consequence of short range hydrodynamic lubrication forces overcoming
the interparticle repulsive forces during flow. Percolation of these hydroclusters with
increasing shear results in the formation of larger aggregates that can jam the flow,
leading to discontinuous shear thickening behavior. Note that an underlying order-
disorder transition is neither necessary nor sufficient to trigger shear thickening fLaun et

al. s1992d; Bender and Wagner s1995dg, although order-disorder transitions may accom-
pany the shear thickening transition fHoffman s1972d; Laun et al. s1992dg. Finally, scal-
ing models for the prediction of critical stress based on particle size and particle interac-
tion potential have been developed and verified through experimentation fMaranzano
s2001d; Maranzano and Wagner s2001a, 2001bd; Gopalakrishnan and Zukoski s2004dg.

Although shear thickening in anisotropic particle colloidal suspensions, such as clay
and pigment suspensions, is observed in industrial practice, little work has been done to
develop predictive models or elucidate the mechanism for this shear thickening response.
For coarse snoncolloidald suspensions of glass rods and plates, Clarke s1967d demon-
strated that particle shape can dramatically affect shear thickening behavior. Several
reports demonstrate shear thickening behavior in aqueous clay suspensions fBeazley
s1980d; Alince and Lepoutre s1983d; Lee and Reder s1972d; O’Brien and Mackay
s2002dg. From rheological investigations of colloidal kaolin clay suspensions having
mean particle length to thickness ratios of 5 and 50, Beazley s1980d observed that in-
creasing the aspect ratio of disk-shaped clay particles resulted in shear thickening behav-
ior at lower particle loadings. Beazley s1980d argues that high aspect ratio clay suspen-
sions demonstrate shear thickening at low particle volume fractions because of poor
particle packing efficiency in the unaligned state. Elongational thickening behavior in
kaolin clay suspensions has also been explored through the experimental work of O’Brien
and Mackay s2002d.

Shear thickening has also been observed in colloidal suspensions of rod-like aniso-
tropic particles. Rheological investigations of suspensions of ceramic materials by Berg-
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strom s1996d demonstrated that aqueous suspensions of rod-shaped sL /D,10d silicon
carbide whiskers exhibited discontinuous shear thickening at volume fractions as low as
f=0.172.

Both Beazley s1980d and Bergstrom s1996d attribute the shear thinning observed in
anisotropic particle suspensions to particle alignment with flow, while the observed shear
thickening is attributed to increased collisions between particles resulting from misalign-
ment at higher shear rates. Beazley s1980d suggests that particle rotation during flow may
result in particles interlocking and jamming in disorganized clusters. This type of insta-
bility is thought to increase with increasing particle anisotropy, as rods and disks with
higher aspect ratio should “entangle” to form aggregates of randomly oriented anisotropic
particles more readily at lower particle loadings, ultimately resulting in the observed
shear thickening behavior. Note that Philipse s1996d provides independent evidence for
the effect of aspect ratio on particle packing in the unaligned state, reporting sedimenta-
tion studies conducted on several rod-like colloidal suspensions that demonstrate a re-
duction in the random packing density with increasing particle anisotropy. Bergstrom
s1998d also postulates that shear thickening in rod-shaped suspensions is a result of the
breakup of long-range order achieved during shear thinning and possibly the formation of
hydrodynamic clusters, which may be a consequence of a similar misalignment and
jamming mechanism. However, neither Beazley s1980d nor Bergstrom s1998d provide
direct microstructural evidence in support of the hypothesis that shear thickening in
anisotropic particle suspensions is a consequence of particle misalignment at higher shear
rates.

Flow-induced microstructure in anisotropic particle suspensions subject to shearing
flows has been measured using various techniques. Simultaneous rheological and small
angle x-ray scattering studies of shear thinning suspensions of mineral particles have
been performed by Camerel et al. s2003d. Light and small angle neutron scattering have
been used to examine the effects of particle volume fraction on the microstructure of
disk-shaped clay suspensions during shear fRamsay and Linder s1993dg. In the work of
Clarke et al. s1996d, neutron diffraction experiments conducted on flowing kaolinite clay
particle suspensions generated anisotropic scattering patterns, the result of scattering
from crystal planes within plate-like kaolinite crystals which flow align during shear flow.
Several researchers have determined anisotropic particle alignment in sheared suspen-
sions through measurement of conductivity after flow cessation fJogun and Zukoski
s1996d; Dellimore and Gosling s1973d; Okubo s1987dg. However, to date there have been
no measurements of the shear-induced microstructure of flowing anisotropic particle
suspensions in the shear thickening regime, and hence, no quantitative evidence to sup-
port the hypothesis of flow-disordering being responsible for shear thickening in these
systems.

To address the issues surrounding the mechanisms of reversible shear thickening in
anisotropic particle suspensions, we investigated the rheology and flow-induced micro-
structure of model suspensions of acicular PCC particles of similar nominal small axis
diameter but different long axial dimensions. For this investigation, the PCC particles
were resuspended in 200 Mw polysethylene glycold sr=1.121 g cm−3, h=0.049 Pa s at
25 °Cd to yield stable suspensions for use in rheological and small angle neutron scatter-
ing sSANSd investigations. The experimental results of this work provide four fundamen-
tal observations: sad systematic increase in the average particle aspect ratio of PCC/
polysethylene glycold sPEGd suspensions results in a reduction in the particle loading
required to achieve discontinuous shear thickening behavior, sbd particle aspect ratio is
observed to have negligible influence on the critical stress values associated with the
shear thickening transition, scd the observed, rapid response to transient step shear and

721ACICULAR COLLOIDAL SUSPENSIONS



flow reversal experiments conducted during shear thinning and shear thickening contra-
dicts expectations of the proposed entanglement mechanism for shear thickening, and sdd
flow-small angle neutron scattering sflow-SANSd and Rheo-SANS investigations of the
PCC/PEG suspensions at applied stresses beyond the shear thickening transition demon-
strate that long axis particle alignment with flow direction is largely maintained through-
out the shear thickening regime for both continuous and discontinuous shear thickening
suspensions. These observations suggest that the mechanism responsible for shear thick-
ening in anisotropic particle suspensions is analogous to the transient hydrocluster
mechanism observed in spherical particle suspensions. As a consequence, we demonstrate
a quantitative prediction for the critical stress at the onset of shear thickening in suspen-
sions of acicular or prolate ellipsoidal particles based on previous work for near hard-
sphere suspensions.

II. MATERIALS AND METHODS

A. Suspension preparation and characterization

Aqueous acicular PCC suspensions sSpecialty Minerals, Inc., Bethlehem, PAd with
three different particle aspect ratios were used to generate the suspensions for this inves-
tigation. These suspensions are commercially available under the trade names Jay Alba-
glos S, Opacarb A40, and MD1074, and are reported to have average particle aspect
ratios sL /Dd of approximately 2, 4, and 7, respectively. The densities for each type of
PCC particle sdispersed in de-ionized waterd were measured via solution densimetry
performed using a density meter sAnton Paar, model DMA 48d and are reported in Table
I. Particle densities were determined from a series of measurements on dilute suspensions
under the assumption of ideal mixing fMaranzano s2001d; Maranzano and Wagner
s2001adg.

The PCC particles were resuspended in 200 Mw reagent grade polysethylene glycold
sAcros Chemicalsd through repeated centrifugation and solvent exchange. Three centrifu-
gation, solvent exchange, and resuspension steps were performed to prepare concentrated
PEG/PCC suspensions of each aspect ratio. Centrifugation of the commercial, aqueous
suspensions was performed using a desktop centrifuge, sInternational Equipment Co.,
model CL Centrifuged operating at 1750 g for 2 h. Resuspensions were performed
through the addition of PEG equal in volume to that of the resulting sediment, followed
by agitation using a rolling jar mixer for redispersion. Centrifugation for particle separa-
tion from PEG was conducted at 16,000 g using a high-speed centrifuge sDuPont Instru-
ments, RC-5d for 2 h. The final sediment from each of the PCC materials was redispersed
in PEG to produce concentrated suspensions having particle volume fractions near f

=0.50, and an estimated final water concentration in the suspending medium below 2
wt %. All dilute PCC/PEG samples generated at the particle volume concentrations re-
ported in this investigation were produced assuming ideal mixing based on the measured

TABLE I. Particle properties of PCC/PEG suspensions, Dr0 is the bare particle rotational diffusion coefficient
in PEG calculated from the particle geometry.

Particle
Length,
L snmd

Diameter,
D snmd

Aspect ratio
L /D

Dr0

ss−1d
Density
sg / cm3d

PCCs2d 567±217 328±103 1.72±0.34 0.330±0.091 2.68±0.01
PCCs4d 1004±465 233±71 4.30±1.45 0.134±0.111 2.83±0.01
PCCs7d 1323±667 201±77 6.68±2.56 0.074±0.076 2.86±0.01
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densities of the particles and PEG. Following preparation, dilute samples were sonicated
using an ultrasonic bath for 1 h, followed by 24 h of mixing using the rolling jar mixer
to facilitate dispersion of the particles. Particle concentration was verified through mea-
surement of final suspension density using the solution density meter. These diluted
PEG-based suspensions having mean PCC particle aspect ratios sL /Dd of roughly 2, 4,
and 7 are herein referred to as PCCs2d/PEG, PCCs4d/PEG, and PCCs7d/PEG, respec-
tively.

Figure 1 presents scanning electron microscopy sSEMd sJEOL JSM-7400F, JEOL
Ltd.d micrographs taken at 20,0003 magnification of the particles from each of the three
PEG/PCC suspensions investigated. Table I presents the average particle length, L slong
axis dimensiond, diameter, D ssmall axis dimensiond, and aspect ratio, L /D based on
transmission electron microscopy sTEMd sJEOL JEM-2000FX, JEOL Ltd.d measure-
ments of 500 particles from each of the PCC/PEG suspensions using image analysis
software sScion Image, Scion Corporationd. The particles in each of the suspensions are
polydisperse in both particle shape and size. In the TEM image analysis it was assumed
that the particles were uniaxial, although some evidence for slight biaxiality is evident in
the SEM images.

B. Rheology

Prior to testing, all samples were agitated for 12 h using a vortex mixer sMaxi-Mix®
III, Barnstead/Thermolyne Corp.d to ensure complete dispersion of the particles. Rheo-
logical measurements conducted using a controlled stress rheometer sSR 5000, Rheomet-
ric Scientific, Inc.d with a cone and plate geometry s0.02 rad, 25 mm diameter coned were
performed at 25±0.01 °C with peltier temperature control. The following preshear/stress
ramp protocol was performed on each sample prior to conducting any of the experiments
reported:

s1d following loading, a preshear stress ramp from 0.3 to 300 Pa was conducted to
eliminate any effects of sample loading and

s2d following the preshear, a second stress ramp from 0.3 to 300 Pa in 300 s and back to
0.3 Pa in 300 s was performed to demonstrate the reversibility of any shear thick-
ening observed in these suspensions.

Stress sweeps were performed on samples from 0.3 Pa to a maximum stress of 10,000
Pa. For samples with lower particle volume fractions, this maximum stress value could
not be achieved due to the rate limitations of the rheometer, so measurements were
recorded to the maximum stress attainable. Ascending and descending stress sweeps were
also performed from 0.3 to 1000 Pa and back to 0.3 Pa, demonstrating minimal hysteresis

FIG. 1. SEM images s20,0003 d of precipitated calcium carbonate particles from sad PCCs2d/PEG, sbd PCCs4d/
PEG, and scd PCCs7d/PEG suspensions.
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such that the critical stress for shear thickening was observed to be independent of stress
sweep direction. Stress sweep measurements made using parallel plate s25 mmd and
Couette cell s17 mm DIN, 0.25 mm gapd geometries were performed to determine the
effects of tool geometry on the measured rheology of these anisotropic particle colloidal
systems. Apparent wall slip was characterized by performing stress sweeps on PCC/
PEGs7d suspensions exhibiting both continuous and discontinuous shear thickening using
a parallel plate geometry at several gap heights fYoshimura and Prud’homme s1988dg.
Creep relaxation experiments at several applied stresses using this controlled stress in-
strument were performed to determine the necessary delay time for steady shear mea-
surements, as well as to measure any recoverable compliance. Flow reversal experiments
were conducted at several shear rates within the shear thinning regime, near the shear
thickening transition, and within the shear thickening regime. Prior to and following the
point of flow reversal, samples were sheared at the prescribed shear rate for 60 s.

A controlled strain rheometer sARES, TA Instruments, Inc.d equipped with a wave
form and fast data sampling option sNational Instruments DAQ-Pad 6020E, 100 kS/s
sampling rated was used to characterize transient rheological behavior for step rate ex-
periments using a 25 mm, 0.02 rad cone geometry. Prior to performing step rate experi-
ments, a thixotropic loop test was performed as a preshear to a maximum shear rate of
300 s−1 in 300 s, and back to 0 s−1 in 300 s. Step rate experiments were conducted at a
low shear rate within the shear thinning regime, followed by a step increase to a higher
rate where the samples exhibited shear thickening behavior, and finally, back to the low
shear rate.

A controlled stress rheometer sMDS500, Paar Physicad with a large Couette geometry
s26.66 mm bob diameter, 40 mm gap length, 28.92 mm cup internal diameterd was used
to measure the steady shear rheology of PCC/PEG samples prior to performing Rheo-
SANS experiments using comparable instrumentation at the National Institute of Stan-
dards and Technology sNIST, Gaithersburg, MDd NG-7 beam line.

C. SANS

Static small angle neutron scattering experiments were performed on PCCs7d/PEG
suspension samples at various concentrations loaded into sandwich cells at the National
Center for Neutron Research at NIST on a 30 m SANS instrument sNG-3d using thermal
neutrons with a 6 Å wavelength s14.7% full width of half maximumd at a sample to
detector distance of 12 m.

Although static SANS cannot be used as a means to unambiguously measure the shape
and polydispersity of these relatively large particles, flow-SANS experiments have
proven to be an effective means of detecting flow alignment and even estimating particle
dimensions for objects of comparable size fWalker and Wagner s1996d; Kernick and
Wagner s1999dg. For example, Kernick and Wagner s1999d characterized the three-
dimensional structure of flow-induced, ellipsoidal, immiscible polymer blend inclusions
having dimensions on the order of 1 µm using flow-SANS. Through combining the
on-axis and tangential scattering results during shear flow, the full geometry of the ellip-
soid and the tilt angle in the shear direction were resolved.

Flow-SANS experiments were conducted using a 30 m SANS instrument sNG-3,
NISTd. Measurements were taken on PCCs7d/PEG suspensions exhibiting continuous
shear thickening behavior sf=0.25 and f=0.29d using a quartz Couette shear cell s10 cm
DIN, 0.5 mm gapd driven by a stepper motor sno torque measurement capabilityd. Scat-
tering data at a sample to detector distance of 12 m resulting from the neutron beam
directed both radially son-axisd and tangentially soff-axisd through the sample during
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shear flow was obtained, providing information on structural changes that occur with
increasing shear in the velocity-vorticity plane and the gradient-vorticity plane, respec-
tively.

Additional Rheo-SANS experiments were conducted on a 30 m SANS instrument
sNG-7, NISTd equipped with a rheometer sPaar Physica, model UDS 200d providing real
time experimental torque measurement and controlled stress operation. These “Rheo-
SANS” experiments were performed on PCCs7d/PEG suspensions samples exhibiting
continuous sf=0.28d and discontinuous sf=0.35d shear thickening behavior in a Couette
type shear cell consisting of an quartz cup s5 cm DINd and a quartz bob s4.8 cm outer
diameterd at a sample to detector distance of 15 m. Scattering patterns resulting from the
samples during shear flow were obtained with the neutron beam directed in both the
radial son-axisd and tangential soff-axisd directions. A 1 mm slit was used to guide the
beam through the gap in the Couette cell during tangential scattering measurements
performed using this experimental arrangement.

Figure 2 illustrates the experimental scattering arrangement used for the Rheo-SANS
and flow-SANS experiments, along with sketches of particle alignments corresponding to
scattering patterns typically observed in this work. The resulting intensity versus scatter-
ing vector data from the experiments were reduced and put on an absolute scale using
NIST standard software.

III. RESULTS

A. Rheology of precipitated calcium carbonate suspensions

Ascending and descending stress sweeps were performed on PCC/PEG suspensions
using the stress controlled rheometer with cone and plate geometry, illustrating the re-
versible nature of the shear thickening observed in these systems. Figure 3sad presents
two sets of ascending and descending stress sweeps performed consecutively on PCCs7d/
PEG suspensions exhibiting continuous sf=0.28d and discontinuous sf=0.35d shear
thickening at applied stresses above approximately 10 Pa. Experiments were performed
two days after sample preparation and following 12 h of vortex mixing. The samples

FIG. 2. Rheo-SANS shear cell configuration and the resulting on-axis sad and off-axis sbd scattering patterns
generated from the concentrated PCCs7d/PEG suspension sf=0.35d during shear flow st=500 Pad. Anisotropy
observed in the on-axis pattern and the isotropic off-axis scattering pattern suggests long axis particle alignment
with flow direction, as illustrated in the magnified sketches of particle alignment within the cell.
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were allowed to rest for 30 s between each successive stress sweep experiment. The
increase in low shear viscosity observed during the second ascending stress sweep for the
PCCs7d/PEG, f=0.35 suspension may suggest that extended exposure to high shear
stresses in the shear thickening regime during the preceding ascending and descending
stress sweeps may affect the sample’s rest state. In Fig. 3sbd, ascending and descending
stress sweeps were performed on the PCCs7d/PEG, f=0.35 sample 40 days following
sample preparation. After 40 days of standing, followed by 12 h of sediment redispersion
via vortex mixing, the initial forward stress sweep is comparable to that obtained in the
last forward sweep shown in Fig. 3sad. However, during the first descending stress sweep

FIG. 3. Effect of sample aging on PCCs7d/PEG suspensions: sad ascending and descending stress sweeps 2 days
following sample preparation for PCCs7d/PEG suspensions at f=0.28 and f=0.35, sbd ascending and descend-
ing stress sweeps 40 days following sample preparation for the PCCs7d/PEG dispersion at f=0.35. Filled
squares represent an ascending stress sweep performed 12 h after the initial series of ascending and descending
stress sweeps.
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and subsequent ascending and descending stress sweeps, evidence of a yield stress is
apparent. It is important to note that in all flow curves presented in Fig. 3, the viscosity
just prior to the onset of shear thickening and the viscosity within the shear thickening
regime were found to be reproducible independent of the sample’s shear history or age.

The sensitivity of the low shear viscosity to shear history and sample age was most
apparent in concentrated samples exhibiting discontinuous shear thickening behavior.
One possible explanation for this behavior is that the high shear particle interactions
associated with discontinuous shear thickening might facilitate the desorption of surface
adsorbed species ssuch as residual adsorbed polymeric stabilizing agents present in the
supplied aqueous PCC dispersionsd from the surface of the particles. This might act to
reduce interparticle stabilizing forces between particles and induce reversible aggregation
within the sample which can subsequently be eliminated with increasing shear. The
tendency for this desorption with prolonged exposure to shear thickening may conceiv-
ably increase with sample age. Interestingly, an ascending stress sweep safter repeating
the preshear/stress sweep protocold performed on this same 40-day-old PCCs7d/PEG
sample allowed to rest 12 h following the original stress sweep sequence demonstrates
comparable flow behavior to that of the initial ascending steady shear curve, exhibiting
no evidence of permanent aggregation as a result of shear history fFig. 3sbdg. This might
suggest that after a sufficient period of rest following extensive shear thickening, the
desorbed species are able to migrate from the bulk suspending medium and readsorb to
the surface of the particles, resulting in improved dispersion of the particles.

The effects of tool geometry and gap dimension on the steady shear rheology of the
PCCs7d/PEG suspensions are explored in Fig. 4. Figure 4sad presents viscosity versus
stress measurements of the PCCs7d/PEG system at f=0.28 and f=0.35 using cone and
plate, parallel plate, and Couette geometries. Stress sweeps performed using the Couette
and the cone and plate illustrate good agreement, demonstrating that the rheology of these
suspensions of acicular particles are independent of tool geometry for shearing flows
having a homogeneous strain field.

Variable gap experiments performed on PCCs7d/PEG suspensions using the 25 mm
parallel plate geometry illustrate that gap height influences the measured rheology, which
is a signature of wall slip fYoshimura and Prud’homme s1988d; Chow and Zukoski
s1995d; Maranzano s2001dg. To quantify the wall slip in the anisotropic PCCs7d/PEG
suspensions, parallel plate rheology data taken at several gap heights is analyzed using
the method reported by Yoshimura and Prud’homme s1988d. Gap heights ranging from
20 µm to 1 mm were investigated for PCCs7d/PEG suspensions at f=0.28 and f=0.35,
as well as for a 5 Pa oil standard. Linear fits to the parallel plate data plotted as apparent
smeasuredd shear rate sġapparentd versus reciprocal gap height at fixed plate edge stress stRd
values were used to characterize the apparent slip, where apparent shear rate as a function
of plate edge shear stress stRd is expressed as

ġapparent = ġtruestR,Rd +
2yslipstRd

H
. s1d

The plate edge shear stress is given by

tR =
M

2pR3F3 +
d ln M

dl ln ġapparentsRd
G , s2d

where M is the measured torque and R is the radius of the plate. The resulting slip lengths
slslip=nslip / ġtrued calculated from the shear rates sġtrued, and slip velocities snslipd measured
at plate edge stresses of tR=1, 10, 100, and 1000 Pa for PCCs7d/PEG suspensions sf
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=0.28 and f=0.35d as well as for a 5 Pa s Newtonian oil reference are presented in Fig.
4sbd. The measurements using the Newtonian oil calibration standard exhibited a slight
dependence on gap as expected fMaranzano s2001d; Henson and Mackay s1994dg. Slip
lengths for the continuous shear thickening sample sf=0.28d are comparable, indicating
no significant slip. Slip is clearly significant for the discontinuous PCCs7d/PEG suspen-
sion, sf=0.35d, especially at high shear rates in the shear thickening regime. This ob-
served slip is qualitatively similar to the observations of Maranzano s2001d, where sig-
nificant slip was observed for discontinuous shear thickening suspensions of spherical,

FIG. 4. Effects of tool geometry on the shear viscosity of PCCs7d/PEG suspensions sf=0.28 and f=0.35d: sad
comparison of cone s25 mm, 0.02 radd, Couette f17 mm inner diameter si.d.d, 0.25 mm gapg and parallel plate
s25 mm, 0.5 mm gapd geometries. sbd Plot of slip length determined for PCCs7d/PEG suspensions at f=0.28
sopen circlesd, f=0.35 sfilled circlesd, and a 5 Pa s oil standard sstarsd. The inset plot presents the parallel plate
measurements of the PCCs7d/PEG, f=0.35 suspension at several gap heights.
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colloidal particles in the shear thickening regime. These large increases in slip length in
the shear thickening regime are thought to be associated with the formation of sample-
spanning hydroclusters responsible for jamming of the particles in the flow field fMaran-
zano s2001d; Maranzano and Wagners2001bdg.

As observed from the variable gap, parallel plate rheology fFig. 4sbd insetg, reducing
the gap dimension results in a slight reduction in the critical stress for shear thickening
for this concentrated PCC/PEG suspension. This trend is similar to observations of con-
centrated, spherical colloidal suspensions exhibiting shear thickening previously reported
by Chow and Zukoski s1995d, but are not consistent with observations of fMaranzano
s2001d; Maranzano and Wagner s2001adg, also on spherical silica colloidal suspensions,
which showed no gap size dependence on the critical stress for shear thickening.

Transient experiments were conducted using the controlled strain rheometer on the
PCCs7d/PEG suspensions exhibiting continuous shear thickening behavior at a concen-
tration just below the critical volume fraction for discontinuous shear thickening sf
=0.30d. The steady shear rheology for the PCCs7d/PEG, f=0.30 suspension is presented
in the upper inset graph in Fig. 5sad. Figure 5sad presents the results of step rate experi-
ments performed at an initial shear rate of ġ=10 s−1 for 30 s, followed by a step rate
increase to ġ=300 s−1 within the shear thickening regime, and back to the initial shear
rate of ġ=10 s−1 for 30 s. The lower inset graph in Fig. 5sad shows a magnified view of
the step rate experiment local to the rate change transitions. Based on the results of this
step rate experiment performed on the high particle aspect ratio PCCs7d/PEG suspension,
it is clear that the response time for both step rate increases from the shear thinning
regime into the shear thickening regime and back to the shear thinning regime is rapid.
This is most evident for the latter case, where the step decrease in rate from ġ

=300 s−1 to ġ=10 s−1 demonstrates nearly instantaneous relaxation with little observable
oscillatory behavior. These fast response times for transitioning from shear thinning to
shear thickening and vice versa are also observed in suspensions of charge stabilized and
near hard-sphere suspensions fBender and Wagner s1996d; Maranzano s2001d; Maran-
zano and Wagner s2001adg.

The relaxation from shear thickening to shear thinning behavior is faster than the
resolution capabilities of the fast data acquisition instrument s5 msd, suggesting that little
microstructural rearrangements take place between the shear thickening and shear thin-
ning state. This experimental result is contrary to expectations of the hypothesis that
shear thickening in highly anisotropic particle suspensions results from the formation of
“entanglements” or jammed networks of particles that rotate out of flow alignment. Such
misalignment upon shear thickening and subsequent realignment upon returning to lower
shear rates would require a finite relaxation time. Rather, the instantaneous stress re-
sponse son the experimental time scaled is consistent with a purely hydrodynamic con-
tribution to the measured shear viscosity in the shear thickened state fO’Brien and
Mackay s2000dg.

Figure 5sbd presents the results of flow reversal experiments, plotted as reduced stress
versus strain units stġd, performed at several shear rates for the PCCs7d/PEG, f=0.30
suspension. For flow reversal experiments conducted at rates below the critical rate for
shear thickening sbelow ġ=100 s−1d we observe a reasonable overlay of the resulting
stress data when plotted against strain, which suggests particle rotation upon flow rever-
sal. Within the shear thickening regime, we observe that the stress overshoots become
increasingly pronounced up to a rate of ġ=300 s−1. The flow reversals performed at
higher shear rates exhibit less stress overshoot, with an apparent increase in the period of
oscillation. Identical sets of flow reversal experiments performed on Newtonian oil stan-
dards exhibit no evidence of this positive stress overshoot. The observed stress under-
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shoots that precede stress overshoots observed in the PCCs7d/PEG, f=0.30 suspension
were also observed during the experiments performed on the oils and can be assigned to
instrument inertia effects.

Figure 6 presents results from ascending steady stress sweeps using the cone and plate
s0.02 rad, 25 mmd geometry for each of the PCC/PEG suspensions measured within 1
week following sample preparation. As illustrated in the flow curves in Fig. 6, each of the
PCC/PEG suspensions clearly exhibit shear thickening behavior at high shear rates or
applied shear stresses. Each of the suspensions exhibited little hysteresis between con-
secutive ascending and descending stress sweeps as shown earlier in Fig. 3sad for the
PCCs7d/PEG suspensions, confirming the reversible nature of the observed shear thick-

FIG. 5. sad Step rate experiment performed on PCCs7d/PEG suspension at f=0.30: ġ=10 s−1 for 30 s sshear
thinning regimed, ġ=10 s−1 for 30 s sshear thickening regimed, ġ=10 s−1 for 30 s sshear thinning regimed. Top
inset plot shows steady shear rheology of PCCs7d/PEG at f=0.30. Bottom inset presents magnified data local
to the point of step rate increase and step rate decrease. sbd The results of flow reversal experiments performed
at several shear rates on the PCCs7d/PEG suspension at f=0.30.
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ening behavior for each type of suspension. Note that the values of the critical stress for
shear thickening, defined as the minimum in the viscosity flow curve, are nearly inde-
pendent of particle volume fraction and particle aspect ratio. As in spherical particle
suspensions, each of these PCC suspensions demonstrates a distinct transition from con-
tinuous to discontinuous shear thickening behavior with increasing particle volume frac-
tion. However, the extremely shear thickening samples still exhibit a relatively low vis-

FIG. 6. Steady shear viscosity of PCC/PEG suspensions at several particle volume fractions. PCCs2d/PEG: sad
viscosity vs shear rate, sbd viscosity vs stress. PCCs4d/PEG: scd viscosity vs shear rate, sdd viscosity vs stress.
PCCs7d/PEG: sed viscosity vs shear rate, sfd viscosity vs stress.
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cosity at low shear rates, which is in contrast to observations for spherical particle
suspensions that often exhibit a yielding behavior at the high volume fractions required
for observing discontinuous shear thickening.

The “critical volume fraction,” fc, for the onset of discontinuous shear thickening was
determined for each of the suspensions as the particle volume fraction when h~t1 in the
shear thickening region; the value for fc for each type of suspension is listed in Table II.
Figure 7 presents fc for the anisotropic particle PCC/PEG suspensions as well as for the
surface charge neutralized snear hard sphered particle suspensions saspect ratio=1d re-
ported by Maranzano s2001d. As observed from the steady shear rheology measured for
these systems, fc decreases with increasing particle aspect ratio.

The correspondence between the onset of discontinuous shear thickening and pre-
dicted phase transitions has been noted for near hard sphere suspensions by O’Brien and
Mackay s2000d, but no physical connection has been established. Hence, for comparison,
Fig. 7 includes references such as the hard-sphere phase transition from fluid to crystal
sf=0.5d and the isotropic-nematic phase transition for fluids of monodisperse prolate

TABLE II. Maximum packing fraction st=1 Pad, sedimentation volume fraction, and critical volume fraction
for shear thickening transition for the PCC/PEG suspensions.

PCCs2:1d/PEG PCCs4:1d/PEG PCCs7:1d PEG

fsed 0.614 0.598 0.596
fmax s1 Pad 0.562 0.519 0.515
fc 0.454 0.378 0.308

FIG. 7. Critical volume fraction for discontinuous shear thickening: PCCs2d/PEG sopen squared, PCCs4d/PEG
sopen circled, PCCs7d/PEG sopen triangled, and hard sphere suspension fMaranzano s2001dg sopen diamondd.
Low shear st=1 Pad maximum packing fraction for PCCs2d/PEG sfilled squared, PCCs4d/PEG sfilled circled,
and PCCs7d/PEG sfilled triangled suspensions determined from fits in Fig. 8. Also plotted is the maximum
packing fraction for hard spheres fPhan et al. s1996d; Pusey and van Megen s1987dg, sfilled diamondd. Lines on
the graph represent isotropic sdash lined and nematic ssolid lined phase boundaries based on computer simula-
tions of ellipsoidal particle fluids fLee s1988d; Camp et al. s1996dg.
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ellipsoids, as calculated from computer simulations by Camp et al. s1996d and Lee
s1988d. Note that the simulations of Lee s1988d have determined that this phase transition
disappears below an aspect ratio of 2.75.

For spherical particles, the volume fraction at the glass transition was experimentally
determined by Pusey and van Megen s1987d sf=0.58d. This closely corresponds to the
maximum packing fraction fmax determined experimentally by analyzing the relative
zero-shear viscosity using the Krieger–Dougherty–Quemada equation fEq. s3dg for near
hard sphere suspensions by Phan et al. s1996d:

hr = S1 −
f

fmax
D−2

. s3d

A similar analysis of the low shear viscosity was performed for the PCC/PEG suspen-
sions, as shown in Fig. 8. Due to the relatively large size of the particles, true, zero-shear
viscosities were not obtained. Figure 8 presents stress sweep data at t=1 Pa for each
system plotted as shr

−1/2d vs f, where hr is the relative viscosity. The lines in Fig. 8
represent linear fits to the data of each PCC/PEG suspension at volume fractions below
the critical volume fraction for discontinuous shear thickening, fc. The intercepts of the
linear fits with the abscissa give the maximum packing fractions fmax, which are pre-
sented in Table II and included in Fig. 7. It is notable that despite the differences in
anisotropy, the maximum packing fractions determined at t=1 Pa by fitting data within
the shear thinning regime are comparable for each aspect ratio. At volume fractions above
fc, we observe that the higher particle aspect ratio suspensions sbeing particularly evi-
dent for the PCCs7d/PEG suspension above f=0.31d exhibit deviation from the linear fits
swhich were generated from data below fcd. For reference, the sedimentation volume
fractions are also presented in Table II, which were determined for each of the PCC
suspensions through measurement of solids concentration in the sediment obtained from
centrifugation s2 h at 1750 gd. These volume fractions are higher than the maximum
packing fractions for shear flow, and are also only weakly dependent on aspect ratio.

FIG. 8. Low shear data st=1 Pad from steady stress sweep experiments on PCC/PEG suspensions plotted
according to Eq. s3d vs particle volume fraction. Lines represent fits to the data at volume fractions below fc

and are extrapolated to determine fmax.

733ACICULAR COLLOIDAL SUSPENSIONS



These observations are consistent if the particles are highly aligned ssuch as in a nematic
phased at high packing fractions. Note that measurements of the random unoriented
packing fraction for rod-like particles fPhilipse s1996dg are much lower than these vol-
ume fractions.

The critical stress values for the onset of shear thickening tc were obtained from the
minima of quadratic fits to logshd vs logstd data local to the critical stress region fMa-
ranzano s2001d; Maranzano and Wagner s2001a, 2001bdg. Figure 9 presents the critical
stress for shear thickening of each of the PCC/PEG suspensions at several volume frac-
tions. Critical stress values determined for each of the suspensions demonstrate only
minor variation with particle concentration. The critical stresses decrease with increasing
particle loading until the critical volume fraction is reached; thereafter, they begin to
increase slightly in magnitude. Despite distinct differences in particle anisotropy, the
critical stress values determined for each of the PCC/PEG suspension are close in mag-
nitude, demonstrating a slight increase in value with increasing particle aspect ratio. In
fact, as will be shown, the trend can be understood due to differences in the minor axis
dimension of the particle.

B. SANS investigation of precipitated calcium carbonate suspensions

Figure 10 presents the static scattering results in the form of absolute scattering inten-
sity sId versus scattering vector amplitude sqd for PCCs7d/PEG suspensions at several
volume fractions. For the range of momentum transfer accessible in the SANS experi-
ments, the scattering is within the Porod regime sqD.1d, such that the observed scat-
tering intensity is from the particle-solvent interface. The intensity exhibits the expected
power law of q−4 for Porod regime scattering from objects with sharp interfaces. Conse-
quently, these SANS experiments cannot directly determine the particle size and shape
distribution; however, they can be used to directly measure particle alignment fKernick
and Wagner s1999dg. Scattering patterns resulting from samples having particle loadings
below f=0.29 were consistently isotropic, indicating that the particles are randomly

FIG. 9. Critical stress for shear thickening, tc for PCCs2d/PEG, PCCs4d/PEG, and PCCs7d/PEG suspensions at
several volume fractions. Inset plot presents critical stress, tc vs f /fc.
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oriented within these suspensions. Several of the samples having particle loadings above
f=0.29 sat volume fractions near and above the critical volume fraction for discontinu-
ous shear thickening, f,0.31d exhibit weakly anisotropic scattering. This suggests that
particles and possibly nematic particle domains became locally aligned as a result of
sample loading, and the induced alignment was able to persist following sample prepa-
ration and during scattering experiments s5 mind.

PCCs7d/PEG suspensions with volume fractions of f=0.29 and f=0.25, which ex-
hibit continuous shear thickening, were investigated with flow-SANS. Scattering data
was collected at shear rates of 1, 10, 30, 100, 200, and 800 s−1 for both concentrations.
These shear rates correspond to characteristic rheological signatures; low shear rates
within the shear thinning regime, near the shear thickening transition sġc,30 s−1 for
PCCs7d/PEG, f=0.29d, within the shear thickening regime and near the observed high
shear plateau region sġc. ,500 s−1 for PCCs7d/PEG, f=0.29d. Figure 11sad presents the
rheology of these samples measured on the SR 5000 stress control rheometer using the 25
mm, 0.02 rad cone prior to testing in the flow-SANS Couette cell. Scattering patterns
resulting from radially and tangentially directed neutron beam experiments ssee Fig. 2d
for the f=0.29, PCCs7d/PEG suspension at the shear rates investigated are presented in
Figs. 11scd and 11sdd.

The anisotropy of the radial scattering measurements svelocity-vorticity planed suggest
a high degree of particle orientation with flow direction at all shear rates investigated. The
isotropic tangential patterns svelocity gradient-vorticity planed are also consistent with
long-axis flow alignment. The anisotropy in radial scattering measurements gradually
increases and then decreases with increasing shear rate. In Fig. 11sbd, radial scattering
data at q=0.01 Å−1 is presented as a function of angle in the plane of the detector for the
continuously shear thickening PCCs7d/PEG, f=0.29 sample at each shear rate interro-
gated.

A Rheo-SANS experiment was also conducted on a PCCs7d/PEG dispersion at a
higher particle concentration of f=0.35. Due to the discontinuous shear thickening na-
ture of this suspension, a controlled stress rheometer sPaar Physica, model UDS 200d was

FIG. 10. Circularly averaged static SANS data plotted as absolute intensity sId vs scattering vector magnitude
sqd for PCCs7d/PEG suspensions at several particle concentrations.

735ACICULAR COLLOIDAL SUSPENSIONS



FIG. 11. sad Alignment factors for PCCs7d/PEG suspensions, f=0.25 sopen circled, f=0.29 sopen squared, and
corresponding shear rheology, f=0.25 sfilled circled, f=0.29 sfilled squared at several shear rates. sbd Annular
averaged scattering intensity sq=0.010 Å−1 ,pixel width=4d for PCCs7:1d/PEG dispersion at f=0.29. scd Radial
and sdd tangential scattering patterns resulting from flow-SANS investigation of a PCCs7d/PEG suspension at
f=0.29 sqmin=0.003 Å−1 ,qmax=0.03 Å−1d.
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required. The rheology of the suspension, presented in Fig. 12sad, was recorded concur-
rent with the collection of scattering data at applied stress values of 1, 4, 15, 30, 100, and
500 Pa. The discontinuous shear thickening transition is observed to occur near 11 Pa,
which is consistent with measurements in our laboratory sPaar Physica, model MDS500,
Couette geometry with 26.66 mm bob diameterd, which are presented Fig. 12sad for
comparison. Figures 12scd and 12sdd present the radial and tangential scattering patterns
recorded during the experiment. This sample demonstrated yielding behavior in the
Rheo-SANS shear cell at stresses below 1 Pa. Figure 12sbd presents the annular averaged
intensity versus angle from the scattering results recorded at each of the applied stresses.
These results clearly demonstrate that a significant degree of particle alignment with flow
direction is maintained during shear thinning as well as discontinuous shear thickening.

An illustration of the average particle alignment deduced from both two-dimensional
scattering projections is provided in Fig. 2, which is consistent with the known behavior
of flow-aligning nematics. Scattering from the radially directed incident beam corre-
sponds to particles having long axis orientation about a director parallel to the flow
direction. Scattering in the tangential direction is isotropic, as particle long axis alignment
is distributed about a director parallel to the neutron beam direction.

The extent of long-axis alignment with the flow can be quantified through calculation
of an alignment factor fWalker and Wagner s1996dg defined as

A fsqd =

E
0

2p

Isq,Fdcoss2FddF

E
0

2p

Isq,FddF

. s4d

In the earlier expression, Isq ,Fd is the scattering intensity observed in the plane of the
detector in a cylindrical coordinate frame centered on the beam, where orientation angle
F=0 along the flow direction for the case of the radially oriented beam. The alignment
factor A f can vary in value from 21 to 1 depending on the alignment of the particles
relative to the shear field. For this arrangement of the Rheo-SANS experiments sbeam
and cell orientation, and scattering in the Porod limitd, positive values for A f would be
obtained for a system of prolate-like particles having orientation predominantly perpen-
dicular to the flow direction, negative A f values would result from alignment predomi-
nately parallel to the flow direction, and alignment factor values near zero would repre-
sent an isotropic arrangement srandom orientationd of anisotropic particles within the
suspension. Figures 11sad and 12sad show the calculated alignment factors obtained from
the data in Figs. 11sbd and 12sbd for direct comparison to the measured shear viscosity.

For the continuous shear thickening samples ff=0.25, f=0.29, Fig. 11sadg, we ob-
serve that the degree of particle alignment sas measured by uA fud increases with increasing
shear rate within the shear thinning regime. Particles attain the greatest degree of flow
alignment uA fu just prior to the shear thickening transition. Within the shear thickening
regime, the flow alignment decreases slightly with increasing shear rate. The correlation
between viscosity and shear alignment in the shear thinning regime is qualitatively un-
derstood as flow alignment reducing interparticle interactions in the flowing suspension.
However, substantial alignment persists in the shear thickening regime up to the highest
shear rate investigated s800 s−1d. For the f=0.29 sample, the shear rate of 800 s−1 cor-
responds to the apparent high shear plateau in the viscosity. Most significant for under-
standing the microstructural basis for the observed shear thickening is the lack of quan-
titative connection between alignment factor and viscosity across the entire flow curve.
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FIG. 12. sad Alignment factors for PCCs7d/PEG, f=0.35 dispersion sopen trianglesd, the corresponding shear
rheology measured in the Rheo-SANS shear cell sfilled trianglesd, and the rheology measured using the labo-
ratory couette s28.92 mm cup i.d.d geometry sopen circlesd at several stresses. sbd Annular averaged scattering
intensity sq=0.010 Å−1 ,pixel width=4d for PCCs7:1d/PEG dispersion at f=0.35. scd Radial and sdd tangential
scattering patterns resulting from Rheo-SANS investigation of the PCCs7d/PEG suspension at f=0.35 sqmin

=0.003 Å−1 ,qmax=0.03 Å−1d.
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uA fu values at the lowest and highest shear rates measured are comparable, yet the vis-
cosity at high shear rates is ,10 times higher and the stresses ,10,000 time greater for
the latter state point. This suggests that the shear thickening response at high shear rates

does not arise from the same forces that connect the microstructure to the stresses at low

shear rates.
In Fig. 12sad, the calculated alignment factors for the discontinuous shear thickening

sample sf=0.35d again illustrates that the degree of particle long axis alignment with
flow direction is greatest near the shear thickening transition. Unlike the continuous shear
thickening samples, however, increases in applied stress beyond the critical stress sduring
discontinuous shear thickeningd have little effect on the high degree of particle orienta-
tion. This demonstrates that discontinuous shear thickening in these suspensions of pro-
late particles during simple shearing flows is not the result of an entangling event asso-
ciated with particles rotating out of flow alignment and forming a network of randomly
oriented particles. Rather, we provide evidence that particle flow alignment remains

constant through the discontinuous shear thickening transition.

IV. DISCUSSION

Qualitatively, the acicular PCC/PEG suspensions exhibit many rheological traits that
are similar to that of colloidal suspensions of spherical particles, including increasing
degrees of shear thinning and shear thickening as particle volume fraction is increased.
Reversible shear thickening is evident for all particle aspect ratios. At high applied
stresses, we clearly observe the transition from continuous shear thickening behavior to
discontinuous shear thickening as particle volume fraction is increased. Finally, transient
rheological step-up and step-down measurements demonstrate that the transition in and
out of the shear thickening regime is instantaneous on the time scale of the measurement.

Varying aspect ratio leads to distinct trends in the quantitative properties. Most sig-
nificantly, the volume fraction at the transition from continuous to discontinuous shear
thickening decreases with increasing particle aspect ratio. As a consequence, the aniso-
tropic particle suspensions have lower, low shear viscosities than spherical particle sus-
pensions at fc. Flow reversals show transients that scale with strain, which is indicative
of flow reorientation of the particles. Flow orientation of the particles is consistent with
the observed low shear rheology.

Based on these rheological observations alone, it is not possible that flow induced
microstructural changes from flow-alignment to a misaligned, potentially “entangled”
network occur during the shear thickening transition. Although the shear-thinning rheol-
ogy and its volume fraction dependence is consistent with flow alignment of the particles
prior to shear thickening, the lack of significant hysteresis in the ascending and descend-
ing stress sweeps, as well as the instantaneous transient rheological response for jumps in
and out of the shear thickening regime are inconsistent with a mechanism that requires
significant reorientation of the particles. The entanglement network formation suggested
in the literature should result in measurable transients and hysteresis. Finally, there are no
significant qualitative differences in rheology in comparing the 2:1, 4:1, and 7:1 aspect
ratio particles to that of spherical particles, which suggests the mechanism of shear
thickening is not dependent on particle shape.

Our flow- and Rheo-SANS investigations clearly refute the hypothesis that particle
misalignment and entanglement are responsible for shear thickening in suspensions of
ellipsoidal particles having aspect ratios near those of the PCC particles investigated.
Particles are observed to align with the flow, with increasing flow alignment correspond-
ing to weak shear thinning in the suspension viscosity. As is particularly evident for the
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discontinuous shear thickening PCCs7d/PEG dispersion sf=0.35d, the particles maintain
a high degree of flow-oriented alignment during shear thickening and throughout the
shear thickened regime. At lower volume fractions where continuous shear thickening is
observed, there is a weak reduction in alignment at high stresses. However, quantitative
comparison of the alignment factors, uA fu and the measured viscosity demonstrates that
the shear thickening is not a direct consequence of reduced flow alignment of the par-
ticles as the viscosity is much higher at the higher shear rates for points on the flow curve
with equal alignment factors.

One could postulate, however, that the reduced alignment in the continuous shear
thickening regime consists of a heterogeneous dispersion microstructure composed of
regions of highly aligned and highly misaligned sentangledd particles. These regions
would be averaged in the SANS measurements to give only moderate changes in net
alignment. However, this would be inconsistent with the measurements for the discon-
tinuous shear thickening, which would be expected to be even more heterogeneous given
the magnitude of the rheological response. Further, although such misalignment might be
expected to lead to a type of jamming and increased viscosity for high aspect ratio
suspensions, it is difficult to envision how this mechanism would operate for only slightly
anisotropic particle suspensions, such as the PCCs2d/PEG suspensions studied here. The
continuously evolving rheological behavior from spherical to slightly anisotropic sL /D

,2d and eventually, highly anisotropic particle suspensions sL /D,7d is fundamentally
inconsistent with the hypothesis of flow-misalignment driving shear thickening.

A consistent understanding of shear thickening in anisotropic particle suspensions that
can account for all of the experimental observations is provided by the established
mechanism of shear thickening for colloidal suspensions of spherical particles, namely,
the formation of lubrication hydroclusters as a consequence of the dominance of lubri-
cation hydrodynamic interactions between particles at high shear rates. As has been
shown by rheological investigations, neutron scattering, flow dichroism, and simulations,
reversible shear thickening in concentrated colloidal suspensions of spherical particles is
a consequence of short-range lubrication forces correlating particle motion such that
“hydroclusters” form, which lead to increased hydrodynamic dissipation in the shearing
suspension. Comparison suggests that shear thickening in our prolate anisotropic suspen-
sions is also the result of hydrocluster formation in the flow-aligned state. Discontinuous
shear thickening results from “jamming” or percolation of the hydroclusters across the
flow field. Our slip measurements show significant increase in slip length in the discon-
tinuous shear thickening state, which is also a signature of hydrocluster formation fMa-
ranzano s2001d; Maranzano and Wagner s2001a, 2001bdg. The rapid transient response
for these concentrated suspensions of anisometric particles in the shear thickening regime
is a signature that the stresses are dominated by hydrodynamic interactions rather than
direct interparticle forces fO’Brien and Mackay s2000d; Bender and Wagner s1995d;
D’Haene et al. s1992dg. Stresses due to hydrodynamic interactions relax instantaneously
upon flow cessation son the experimental time scaled and do not require particle diffusion
or reorientation. Further, because there is a clear lack of correspondence between the
stresses and the degree of particle alignment in the shear thickening regime, the stresses
at these high shear rates are not directly associated with interparticle forces that directly
depend on the particle alignment, as would be the case for electrostatic, steric, or van der
Waals interparticle interactions.

Shear thickening by hydrocluster formation in the PCC/PEG suspensions does not
require significant microstructure rearrangement or changes in particle alignment. Al-
though our SANS measurements are limited experimentally to the high q limit sPorod
regimed, which renders them insensitive to the small change in interparticle spacing
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associated with hydrocluster formation, they are highly sensitive to particle alignment,
which is observed to be maintained through discontinuous shear thickening. Importantly,
the formation of hydroclusters that bridge across the flow field is expected to be easier for
ellipsoidal shaped particles in comparison to spherical particles. Flow-aligned prolate
ellipsoids are expected to organize into a “stack” spanning the flow field at lower particle
volume fractions than spherical particles, as the aligned ellipsoids interact over a much
more significant contact area sa 2-d lined as opposed to a 1-d point contact as for spheri-
cal particles. Consequently, the volume fraction required to percolate hydroclusters and
generate discontinuous shear thickening is qualitatively expected to decrease with in-
creasing particle aspect ratio, in agreement with experimental observation.

The reduction in the degree of flow alignment that is observed during continuous shear
thickening in the PCCs7d/PEG suspensions is also to be expected if hydroclusters are the
source of the increased energy dissipation during flow. Simulations have shown the
dynamic nature of hydrocluster formation in spherical particle suspensions. At volume
fractions below the threshold for hydrocluster percolation, i.e., in the regime of continu-
ous shear thickening, hydroclusters are expected to be continuously forming and dissi-
pating. Note that slip measurements in this regime do not show significant wall slip,
suggesting such clusters are small relative to the tooling gap. Transient hydroclusters of
elliptical particles will move coherently as an aligned stack or “bundle” for some limited
time in the flow field. However, because such hydroclusters are expected to have a lower
aspect ratio than that of the individual particles, they will be less-flow aligning than the
primary particles of which they are composed. These clusters of particles will continue to
be less flow aligning than the particles from which they form unless sufficient particle
loading exists to cause the clusters “jam” or percolate the flow field such as for discon-
tinuous shear thickening. Consequently, the slight reduction in the degree of flow align-
ment as observed in the continuous shear thickened state is consistent with hydrocluster
formation.

The conclusion that shear thickening in these acicular suspensions is a consequence of
hydrocluster formation can be tested by a quantitative comparison of the stresses required
to initiate shear thickening with the reported results for spherical particle suspensions. As
the particles are highly flow aligned through the shear thickening transition, the relevant
particle dimension to characterize particle hydrodynamic interactions between flow-
aligned ellipsoids will be the minor axis. When viewed along streamlines, aligned ellip-
soids have a cross section the same as a sphere of diameter equal to the minor axis ssee
Fig. 2d. Consistent with this picture are the experimental observations that the particle
aspect ratio will affect its propensity to flow align and the volume fraction at which
discontinuous shear thickening appears, but not the critical stress required to initiate shear
thickening at a given volume fraction.

Investigations of suspensions of surface charge neutralized spherical silica particles
ranging over a decade in particle size by Maranzano s2001d and Maranzano and Wagner
s2001bd validated the theoretical prediction that the critical stress for shear thickening
scales inversely with the cube of particle radius for hard-sphere suspensions. In Fig. 13,
we present the results of critical stress versus minor axis dimension sradiusd for each of
the PCC/PEG suspensions, as well as the data and linear regression obtained by Maran-
zano s2001d through fitting critical stress versus particle radius for the near hard-sphere
suspensions. This figure clearly illustrates that the critical stress for shear thickening can
be predicted for the anisotropic particle PCC/PEG suspensions based on the minor axis
particle dimension. Despite large differences in the average length and particle aspect
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ratio, the average PCC particle diameters are quite similar, as presented in Table I. This
scaling of the critical stress for the PCC/PEG suspensions is consistent with the mecha-
nism of shear thickening through hydrocluster formation.

Previous research on discontinuous shear thickening in spherical particle suspensions
fO’Brien and Mackay s2000dg suggests that the particle volume fraction required to
achieve discontinuous shear thickening may coincide with an underlying phase transition
in the dispersion. Several systems in the literature illustrate orientationally-ordered
phases, such as rod-like colloidal suspensions of tobacco mosaic virus, boehmite, and
cellulose microcrystals fLangmuir s1938d; Buining et al. s1994d; Zocher and Torok
s1962d; Hermans s1963dg. This isotropic-nematic transition results when the excluded
volume contribution to entropy overrides the loss of particle orientational entropy above
some critical particle volume fraction fOnsager s1949dg. Below some critical aspect ratio
sL /D,2.75d, fluids of prolate ellipsoidal particles form a glassy phase prior to reaching
the isotropic-nematic phase transition. The computer simulations of hard ellipsoid fluids
of Lee s1988d predict isotropic-nematic phase transitions for prolate ellipsoidal particles
with aspect ratios of 2.75 and 3, and simulations by Camp et al. s1996d have determined
isotropic-nematic sI–Nd phase transitions at higher ellipsoidal aspect ratios sL /D

=5–20d. The solid and dashed lines in Fig. 7 represent the I–N phase boundaries gener-
ated from the simulation results of both Lee s1988d and Camp et al. s1996d. Interestingly,
critical volume fractions for discontinuous shear thickening of the PCCs4d/PEG and
PCCs7d/PEG suspensions coincide, to within experimental accuracy, with the simulation
results for isotropic-nematic phase transition. However, there is no mechanistic under-
standing of this observation for spherical or prolate ellipsoid particle suspensions and so,
the coincidence remains unexplained, but nonetheless, intriguing.

We observe flow alignment in all of the suspensions sadditional Rheo-SANS measure-
ments not presented hered and do not have clear evidence for an isotropic-nematic phase
transition in the suspensions at rest. Because the average particle aspect ratio of the

FIG. 13. Comparison of the critical stress values measured for PCC/PEG suspensions sopen symbolsd with
those measured for near hard sphere suspensions sfilled circlesd fMaranzano s2001d; Maranzano and Wagner
s2001adg. Line represents linear regression of surface charge neutralized, near hard sphere critical stress data.
Particle radius corresponds to the minor axis for the acicular PCC particles.
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PCCs2d/PEG dispersion is below the predicted minimum particle aspect ratio, no nematic
phase transition should be possible in this dispersion. The polydispersity of the PCCs4d/
PEG and PCCs7d/PEG suspensions will broaden the isotropic-nematic phase transition,
which may explain the lack of a sharp transition in our measured rheology. Theoretical
and experimental studies of even binary rigid rod mixtures indicate that several phases
may coexist in addition to the I–N coexistence state, including isotropic-nematic-nematic,
isotropic-isotropic, and nematic-nematic states fAbe and Flory s1978d; Lekkerkerker et

al. s1984d; Varga et al. s2003dg. It must also be emphasized that most of our rheological
measurements and SANS investigations have been limited by sample properties and
instrumentation to relatively large rotational Peclet numbers s~ġ ·Dr0

−1, where Dr0 values
based on the average particle dimensions are listed in Table Id, such that significant
shear-induced alignment is expected and observed.

V. CONCLUSIONS

Reversible shear thickening is observed in model colloidal suspensions of acicular
particles. Many of the rheological traits associated with the continuous and discontinuous
shear thickening samples are similar to those observed in hard sphere colloidal suspen-
sions, such as reversibility, fast transients, and discontinuous shear thickening at high
particle concentrations with associated flow jamming and slip. An important difference is
that the particle volume fraction required to reach discontinuous shear thickening de-
creases with increasing particle aspect ratio. Interestingly, the critical stress for the onset
of shear thickening does not depend on particle aspect ratio, but rather follows predic-
tions and data for hard sphere suspensions based on the minor axis dimension. Flow and
Rheo-SANS measurements demonstrate the samples are flow aligning and that increasing
particle concentration leads to higher degrees of alignment. Discontinuous shear thicken-
ing samples maintain a high degree of flow alignment in the shear thickened state, while
continuous shear thickening samples show a weak reduction in alignment with increasing
shear stresses in this regime.

The experimental evidence, including: sad lack of significant flow hysteresis, sbd de-
pendence of the critical stress for shear thickening on the minor axis but not the particle
aspect ratio, scd decreasing volume fraction required for discontinuous shear thickening
with particle aspect ratio, sdd continuity in particle alignment in the discontinuous shear
thickened state but weak misalignment in the continuous shear thickened state, and sed
the quantitative agreement for the critical stress required for shear thickening with hard
spherical particle suspensions, provides substantial evidence that the mechanism for shear
thickening in these acicular particle suspensions is a consequence of hydrocluster forma-
tion arising from short-range hydrodynamic interactions. Previous hypotheses suggesting
particle misalignment and “entanglement” as the mechanism responsible for the observed
discontinuous shear thickening transition during simple shearing flows are shown to be
invalid. This is most evident from Rheo-SANS experiments performed on the discontinu-
ously shear thickening PCCs7d/PEG dispersion sf=0.35d, which demonstrate that the
high degree of particle alignment that develops near the critical stress is maintained
during discontinuous shear thickening, as well as the transient rheology performed on the
PCCs7d/PEG sample just below the critical volume fraction sf=0.30d. This work moti-
vates a need for a quantitative theory for the rheology and microstructure of suspensions
of acicular particles that properly includes the short-range hydrodynamic interactions,
which are observed to dominate the shear thickening regime.
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