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The rheological properties and flow microstructure of a stable dispersion of spherical nanoparticles (d ) 32
nm) are investigated and compared to the behavior of colloidal dispersions. The shear rheology and flow-
small-angle neutron scattering of charge-stabilized silica nanoparticles dispersed in ethylene glycol are reported
as a function of shear stress and particle volume fraction. A custom-built high-shear cone is employed to
reach shear rates in excess of 104 s-1 in order to study shear thickening. The results are compared to previous
model system studies on colloidal dispersions and to micromechanical models that relate the physical parameters
of the system to the rheological response. Reversible shear thickening is observed at very high shear rates,
and the measured transition stresses for shear thickening compare well to theoretical predictions for colloidal
dispersions. Flow-small-angle neutron scattering measurements both in the radial and tangential orientations
show a shear-induced structure near the shear thickening transition that is consistent with the hydrocluster
mechanism of reversible shear thickening operative in colloidal dispersions. Hence, continuum fluid mechanics,
and, in particular, lubrication hydrodynamics, is confirmed to be operative in the nanometer-scale gaps between
the nanoparticle surfaces.

I. Introduction

There is fundamental interest in the use of nanoparticles for
numerous industrial applications including faster, smarter, and
more convenient communication components and devices.1 It
is well-established that dispersions of particles from micrometers
in size down to particles of the order of∼100 nm have been
observed to undergo a transition to a shear-thickened state at
appropriately high-shear stresses.2-11 Shear thickening is marked
by an increasing viscosity with increasing shear rate or shear
stress. Of interest here isreVersibleshear thickening, as opposed
to shear-induced aggregation. Although the shear thickening
phenomenon can damage processing equipment and, therefore,
is generally to be avoided, there are practical applications using
shear thickening fluids such as damping and control devices,12,13

electrorheology,14 and personal body armor.15,16 Lee and co-
workers have shown that the ballistic performance of Kevlar
fabrics can be improved by impregnating the fabrics with shear
thickening fluid.

The rheology and shear-induced microstructure of shear
thickening colloidal dispersions have been investigated using
rheooptics10,17 and small-angle neutron scattering.5,6,9,18,19Al-
though shear thickening can now be predicted for many
dispersions, the lower limit of particle size whereby reversible
shear thickening can be observed has not been established.
Watanabe and co-workers19 demonstrated shear thickening in
80 nm diameter particle dispersion, and Maranzano and Wagner5

also demonstrated that hydrocluster formation accompanies the
shear thickening transition for 75 nm diameter particle dispersion
using flow-small-angle neutron scattering (flow-SANS). This
mechanism of reversible shear thickening necessitates that
particles interact via short-range lubrication forces,2,3,20 where
the range of these forces is small relative to the particle size.
Studying nanosized particle dispersion rheology probes inter-
particle spacing on the nanometer length scales.21,22 It is

therefore not evident a priori that similar mechanisms operate
in nanoparticle dispersions, as the lubrication hydrodynamics
will be significant only at length scales where the atomic
structure of the suspending medium may become relevant.
Recent research has shown surface roughness affects shear
thickening,23 and as surface roughness can be relatively larger
for nanoparticles, the effect on shear thickening may be more
significant for nanoparticles as compared to colloids. Thus, the
following question can be posed: To what lower length scale
does continuum hydrodynamics work when modeling colloidal
dispersion rheology? We hypothesize that if continuum hydro-
dynamics holds for nanosized colloidal particles, then reversible
shear thickening will be observed in concentrated dispersions
of nanosized colloidal particles, albeit at very high shear rates
or stresses, and that the onset of shear thickening should be
predicted from theories and models developed to predict
reversible shear thickening in concentrated colloidal dispersions.

One of the most important and dramatic manifestations of
continuum hydrodynamics is lubrication hydrodynamics, which
is responsible for the divergence of the force required to bring
two particles together at constant velocity, i.e., the diverging
force resulting from squeezing fluid from between two smooth,
solid surfaces.24,25 This force is responsible for mechanical
phenomena of technological importance, including the formation
of hydroclusters and shear thickening in concentrated colloidal
dispersions. There are ample reports in the literature showing a
breakdown of continuum hydrodynamics as the gap between
macroscopic surfaces approach atomic scales.21,26 Recently
Mackay and co-workers27 report a violation of continuum
hydrodynamics for polystyrene nanoparticles dispersed in
polystyrene. The violation of the Einstein equation is apparent
when the interparticle spacing approaches the radius of gyration
of the polymer “solvent”, leading to a reduction in overall
viscosity. However, there is no direct evidence that this
breakdown in continuum hydrodynamic affects the dynamics
of nanoparticle dispersions in Newtonian solvents.

In this paper we investigate the microstructure and rheology
of stable, nanoparticle dispersions (charge stabilized) at high
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volume fractions and compare them with similar results for a
colloidal dispersion comprised of particles an order of magnitude
larger in size. A model dispersion of stable, silica nanoparticles
in a viscous, Newtonian solvent (ethylene glycol) is studied
using rotational rheometry and a custom-made, high shear rate
cone and (flow-SANS).

II. Materials and Methods

A. Materials. The nanoparticle silica investigated here was
obtained from Clariant (HIGHLINK OG 1-32), which is
provided as an ethylene glycol (EG) based dispersion with a
particle concentration of about 35 wt %. For comparison, 450
nm colloidal silica dispersions were obtained from Nissan
Chemical (MP4540), which is provided as an aqueous dispersion
with a particle concentration of about 40 wt %. The particle
size distribution has been characterized with dynamic light
scattering (DLS) (Brookhaven Particle Size Analyzer) and
transmission electron microscope (TEM). Parts a and b of Figure
1 show transmission electron micrographs of the particles. The
larger particle dispersion (Nissan) is observed to be slightly

bimodal and contains a minor fraction of smaller particles. The
average particle diameter (DLS,z-average) was determined to
be 32( 3 nm for the Clariant nanoparticles and 446( 8.4 nm
for the Nissan colloids. These values are consistent with the
number average sizes determined by TEM measurements (see
Table 1). Figure 2 shows the particle size distribution (PSD)
histogram obtained from TEM image and image analyzing
software. Theú potentials have been determined in deionized
water to be 28 mV for the Clariant nanoparticles and-50 mV
for the Nissan colloids from electrophoresis (Brookhaven Zeta
PALS, Table 1). Particle density was measured with a solution
density meter (Anton Paar, Model DMA 48). Ideal mixing was
assumed to relate the dispersion density (Fs) to that of the
particles (Fp), and medium (Fm), with x being the weight fraction
of particles,

Figure 3 shows the measured density for varying weight fraction
of silica (x), which fits the linear form suggested by eq 1. The

Figure 1. TEM photographs at magnification of (a) 250 000 for 32 nm
particle dispersion and (b) 25 000 for 446 nm particle dispersion.

Table 1. Characterization of Particles Studied in This Work

HILINK OG 1-32 MP4540

supplier Clariant Nissan Chemical Co.
original base medium ethylene glycol water
dDLS (diameter of particle) 32( 3.0 446( 8.4
dTEM (diameter of particle) 31( 1.5 433( 3.6
ú-potential (mV) -28 -50
Fp (g/cm3) 2.20 2.02

Figure 2. Particle size distribution histogram for (a) 32 nm particle and
(b) 446 nm particle obtained from TEM measurements.
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nanoparticle densityFp ) 2.20 g/cm3 is higher than the density
of the Nissan colloids (2.02 g/cm3, Table 1).

Dispersions of nanoparticles were prepared as follows. The
original dispersion was concentrated using ultracentrifugation.
The sediment was resuspended using a vortex mixer after adding
a small amount of the supernatant liquid. Dilution with the
supernatant liquor provided a series of silica nanoparticle
dispersions in EG with known concentration and consistent
medium properties.

For comparison, a dispersion of colloidal particles of 446 nm
(Nissan Chemical Co.) was prepared. The suspending aqueous
fluid was replaced with EG by repeated centrifugation followed
by redispersion using a vortex mixer, four times. Both the
nanoparticle and colloidal dispersion were redispersed as
primary particles.

B. Rheological Measurements.For the Nissan colloidal silica
dispersions, the steady shear experiments for a dispersion of
silica particle of 446 nm were performed in a stress-controlled
rheometer (SR-500, Rheometric Scientific) at 25°C with a
standard cone-plate geometry having a cone angle of 0.1 rad
and a diameter of 25 mm. For the nanoparticle dispersions,
rheological measurements were performed with a custom-built
cone with a very low cone angle (Rheometric) in the controlled
strain rheometer (ARES, TA Instruments). The fixture geometry
is 50 mm diameter, 0.0023 rad angle, and 0.0068 mm of gap
between truncation cone and plate. The performance of this
tooling was checked with a Cannon certified viscosity standard
S60 (0.102 Pa‚s at 25°C) and compared with measurements
using a standard 50 mm cone with 0.0402 rad cone angle and
0.0483 mm gap. All measurement has been performed at 25
°C with a Peltier temperature control system.

Figure 4 shows the performance of the tooling at steady shear
rates when measuring the viscosity of standard S60. The
viscosity measured with the high shear cone is slightly higher
than that measured with the standard cone, which agrees well
with the reported standard viscosity. This viscosity offset may
be a consequence of the difficulty in setting the miniscule gap
in the low-angle cone. The temperature is also reported during
steady shear flow. As shown in Figure 4 there is a small increase
in temperature for shear rates above 10-4 s-1 because of viscous
heating; however, the difference between set value and mea-

sured temperature is less than 0.5°C at the highest shear rates
(∼105 s-1).

For dilute dispersions the viscosity was measured using a
rolling ball viscometer (Anton Paar, automated micro viscom-
eter) using different sliding angles. For reference, the vis-
cosity of the medium (ethylene glycol) was found to be 16(
0.6 mPa‚s at 25°C.

C. Flow-Small-Angle Neutron Scattering. The flow-
SANS measurements under shear flow were performed on the
NG3 beamline at the National Center for Neutron Research
(NCNR) at the National Institute of Standards and Technology
(NIST) in Gaithersburg, MD, with a mean neutron wavelength
of 6 Å and at detector distance of 12 m. The neutrons were
directed through the sample which was contained in a Coutte
shear cell (o.d.) 59 mm; i.d.) 61 mm). This experimental
setup for flow-SANS has been discussed previously.28

The scattering profile under quiescent condition was obtained
in the radial and tangential configurations at shear rates from 1
to 5000 s-1. The scattering intensityI(q) was measured as a
function of the scattering vectorq, whereq ) 4π/λ sin(θ/2)
with θ being the scattering angle. The incident beam was in
the direction of the velocity gradient, and the SANS profile was
detected in a velocity-vorticity plane for radial (on-axis)
configuration. For tangential (off-axis) configuration, the inci-
dent beam was in the direction of the velocity, and the SANS
profile was detected in a velocity gradient-vorticity plane. The
measured intensity was reduced with the scattering result from
empty beam and empty cell according to NIST standard
protocols with all of the standard corrections.

III. Results and Discussion

A. Rheological Behavior.Figure 5 shows the steady shear
viscosity as a function of shear rate (a) and shear stress (b) of
the 32 nm nanoparticle dispersions with different particle volume
fractions at 25°C measured with the high shear cone with the
ARES rheometer. At low shear rate or shear stress, Newtonian
plateaus are evident for all colloidal dispersions up to 44.7 vol
%. Even at the highest concentration (φ ) 0.486), the viscosity
at low shear rates appears to converge toward a Newtonian
plateau. Significant shear thinning is observed, followed by weak
shear thickening for samples withφ g 0.307. These flow curves
were observed to be reversible and reproducible. Experiments
at the highest shear rates were limited by the sample ejecting

Figure 3. Density of the Clariant nanoparticles dispersed in EG (-9-) and
the Nissan particles dispersed in water (-O-) as a function of particle weight
fraction.

Figure 4. Steady shear viscosity (closed symbols) and temperature (open
symbols) of standard oil (S60,η ) 0.102 Pa‚s) using 25 mm, 0.1 rad cone,
and high shear cone at 25°C with ARES rheometer. The line is the standard
viscosity.
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from the gap of the tooling, which is characteristic of shear
thickening dispersions at high rotational speeds. However, it is
apparent that the nanoparticle dispersions exhibit rheology
typical of concentrated colloidal dispersions, including continu-
ous shear thickening. For reference, the corresponding data for
the 446 nm colloidal dispersions are shown in Figure 5c,d.
Pronounced shear thickening is evident at a comparable volume
fraction, but the shear thinning is shifted to lower shear rates
relative to the nanoparticle dispersion, as expected. The corre-
sponding Peclet numbers (Pe ) 6πηma3γ̆/kBT) are shown for
reference in Figure 5a,c. When plotted versus Peclet number,
it is apparent that the shear thinning occurs at comparable
dimensionless shear rates despite the large difference in particle
size. However, the onset of shear thickening does not scale with
the Peclet number, which is a consequence of the role of
electrostatic forces in hindering hydrocluster formation, as has
been shown previously by experiment and theory.3,4

Having established behavior qualitatively similar to stable
colloidal dispersions, it is relevant to determine if these
nanoparticle dispersions follow the scaling behavior typical for
colloidal dispersions. For concentrated colloidal dispersions in
the absence of shear thickening, the relative dispersion viscosity
approximates an empirical equation known as the Cross
model;29-31

with the reduced stress defined asτr ) τa3/kT, ηr∞ is the high
shear rate-limiting viscosity,ηr0 is the low shear rate-limiting
viscosity, andb andm are fitting parameters.

As shown in Figure 6, the flow curves for nanoparticle
dispersions show shear thickening behavior at high shear rates.
This makes the determination of the high shear limiting viscosity
difficult at higher concentrations. Thus, the viscosity data above
the shear thickening transition have been removed in fitting to
the Cross model. The relative zero shear viscosity and high shear

Figure 5. Steady shear viscosity curves measured with cone and plate geometry on (a, b) a ARES controlled rate rheometer for the dispersion of 32 nm
silica particle dispersed in ethylene glycol and (c, d) a SR-500 controlled stress rheometer for the dispersion of 446 nm silica particle dispersed inethylene
glycol.

Figure 6. Cross model fits for the relative viscosity of 32 nm nanoparticle
dispersions as a function of the reduced stress with different particle volume
fraction.

ηr ) ηr∞ + ( ηr0 - ηr∞

1 + (bτr)
m) (2)
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limited viscosity from fits in Figure 6 to eq 2 are shown in
Table 2. For reference, for near hard spheres Krieger29 foundb
) 2.32 independent of the volume fraction, while de Kruif et
al.30 found that it ranged from 2.3 to 3.0, both withm ) 1. For
sterically stabilized dispersions, Mewis et al.31 fit the shear
viscosity of a colloidal dispersion of poly(methyl methacrylate)
(PMMA) particles dispersed in decalin to eq 2. According to
their result, the factorm increased from 1 to 3.53 at higher
concentrations, butb ranged from 8.8 to 26 without monotonic
tendency with variation of particle volume fraction. In our case,
m shows a nearly monotonic increase with the particle volume
fraction, whileb ∼ 8.8-44.51, decreasing with volume fraction.

Figure 7 shows a master plot of (ηr - ηr∞)/(ηr0 - ηr∞) against
(bτr)m. The scaled viscosity curves for the nanoparticle disper-
sion are well-described by the Cross model until shear thicken-
ing. Similar plots cannot be made for 446 nm particle dispersed
in EG as the low Peclet number regime is not accessible to
measurement.

The zero shear viscosity at low particle concentrations can
be represented by

wherek1 ) 2.5 andk2 ) 2.52kH for spherical particles. For
Brownian hard spheres,k2 ) 5.9.32,33This equation is valid for
particle volume fractions lower than 0.1. Also,k2 is very
sensitive to the presence of interparticle forces. For electrostatic
repulsive forces, calculations of the secondary electroviscous
effect by Russel24,34 obtainedk2 ) 2.5 + (3/40)(2aeff/a)5, with
the effective particle radiusaeff due to the electrostatic repulsive
forces.

We compare our experimental results obtained from the
rolling ball viscometer with dilute limiting predictions for the
zero shear viscosity in Figure 8a. The relative viscosity exceeds
predictions for hard spheres. The best fit of eq 3 to the data,

plotted in Figure 8b, yieldsk1 ) 2.64( 0.72 andkH ) 4.01(
4.12. This value of the Huggins coefficient corresponds to an
effective hard sphere diameter of 2aeff ) 51 nm. As a result of
electrostatic stabilization, the effective thermodynamic radius
of the nanoparticles increases beyond the hydrodynamic radius.
The large increase in effective radius reflects the significant
range of the electrostatic interactions for the nanoparticle
dispersion; the ratio of the inverse Debye screening length to
the hydrodynamic particle size (κa) for the nanoparticles is small
relative to that for micrometer-size colloidal particles.

For concentrated colloidal dispersions of spherical particles,
the zero shear viscosity can be fit to semiempirical relations
such as the Krieger-Dougherty equation,29

Table 2. Fitting Parameter for Modified Cross Model for 32 nm
Particle Dispersion

φ ηr∞ ηr0 b m

0.180 1.87( 0.03 2.82( 0.03 44.51( 0.18 1( 0.09
0.307 2.58( 0.04 6.84( 0.03 18.88( 0.80 1
0.368 3.54( 0.68 37.73( 0.81 15.30( 0.82 1.1( 0.14
0.395 7.21( 0.66 76.54( 0.12 14.5( 0.83 1.3( 0.16
0.417 11.5( 0.47 213.2( 0.83 14.04( 0.49 1.4( 0.08
0.447 54.7( 0.40 1033( 0.36 8.8( 0.13 1.8( 0.04
0.486 112.6( 0.59 2785( 8.62 10.5( 0.15 1.7( 0.03

Figure 7. Master curve of the viscosity curve for 32 nm nanoparticle
dispersion using reduced stress in eq 2 (solid line).

ηr ) η
ηm

) 1 + k1φ + k2φ
2 + ... (3)

Figure 8. (a) Relative viscosity of dilute nanoparticle dispersion plotted
along with the best fit (solid line) and the predictions for hard spheres
(dashed line) and (b) intrinsic viscosity as function of the particle volume
fraction for dilute 32 nm nanoparticle dispersions.

ηr0 )
η0

ηm
) (1 - φ/φm)-k1φm (4)
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or the relation35

whereφm is the maximum packing fraction (typically on the
order of 0.58-0.64 for hard spheres). Here, we useφm ) 0.58,
which corresponds to the colloidal glass transition for hard
spheres.

Figure 9a shows the results for the relative zero shear
viscosities of the nanoparticle dispersions plotted against the
hard-sphere volume fraction determined from the weight fraction
and the measured densities. Clearly, the viscosity exceeds that
predicted by either correlation or the Einstein equation, which

indicates, not surprisingly, that the effective particle size is
greater than the hydrodynamic size due to repulsive electrostatic
interactions.

Using an approach successfully applied for similar par-
ticles,5,36 we fit the data to eq 5 by using an effective particle

Figure 9. Relative zero shear viscosity as a function of (a) the particle
volume fraction and (b) effective particle volume fraction for 32 nm
nanoparticle dispersion.

ηr0 )
η0

ηm
) (1 - φ/φm)-2.0 (5)

Table 3. Comparison of Experimental and Theoretical Critical
Shear Stress for Onset of Shear Thickening for Silica Particles
Dispersed in Ethylene Glycol

φ κa hm (nm)
φeff )

φ(1 + a/κa)3
predictedτc (Pa)

with eq 8 τc (exp)

(a) For 32 nm Silica Particle
0.005 5.3 4.4 0.006 1689 -
0.010 5.3 4.4 0.013 1691 -
0.020 5.3 4.4 0.027 1694 -
0.025 5.3 4.4 0.033 1696 -
0.031 5.3 4.4 0.041 1698 -
0.180 5.5 4.2 0.239 1760 -
0.307 5.7 4.1 0.404 1836 1308
0.368 5.9 4.0 0.482 1885 1349
0.395 6.0 3.9 0.514 1910 2282
0.417 6.0 3.9 0.542 1932 2303
0.447 6.1 3.8 0.579 1966 2416
0.486 6.3 3.7 0.626 2017 1882

(b) For 446 nm Silica Particle
0.30 5.8 55.5 0.39 31 32.5
0.35 6.1 53.2 0.45 32 53.2
0.40 6.4 50.7 0.51 33 54.4
0.44 6.7 48.5 0.56 35 55.6
0.51 7.3 44.3 0.63 38 90.9
0.55 7.8 41.7 0.68 41 92.9
0.58 8.2 39.6 0.70 43 62.6

Figure 10. Critical shear stress for shear thickening as a function of volume
fraction for 32 and 446 nm particle dispersions.

Figure 11. Critical shear rate for shear thickening as a function of volume
fraction for 32 and 446 nm particle dispersions.

7020 Ind. Eng. Chem. Res., Vol. 45, No. 21, 2006



radius that scales with the electrostatic screening lengthκ-1

(Debye screening length) as

Figure 9b shows the results of this fit withR ) 0.55 and the
maximum packing fractionφm ) 0.58. The value of the
coefficient R is smaller than previous results5,36 obtained for
larger, colloidal particles, showing it is not universal for all
charged particle dispersions. Using theκa values reported in
Table 3, this corresponds to effective particle diameters of 2aeff

≈ 35 nm, which is smaller than that observed at lower volume
fractions by intrinsic viscometry, as expected. At the highest
volume fractions the dispersions deviate from the expected
strong divergence in viscosity, which is an indication of the
“softness” of the repulsive potential.

Under shear flow, hydrodynamic interactions become im-
portant and can overcome stabilizing electrostatic forces, leading
to the formation of a hydroclustered microstructure.3,9 This
new microstructure leads to increased viscous dissipation and
shear thickening. Using a predictive model for the onset of
hydrocluster formation,3,4,22,37 the critical shear stress can be
predicted from independent measurements of the particle size,
concentration, surface potential, and ionic strength. The final
equation for prediction of the critical shear stress for the onset
of shear thickening for dispersions stabilized by electrostatic
interactions is

wherelb is the Bjerrum length defined bylb ≡ e2/(4πεε0kBT),

Figure 12. 2D-SANS image of the 32 nm silica dispersion (φ ) 0.45) at 25°C as a function of shear rate. The 3D plots are difference spectra with the low
shear rate spectra.

φeff ) φ[1 + R
κa]3

(6)

τc ) 0.024
kBT(κa)Ψ2

a2lb
(7)
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andΨs ) ψse/kBT is the dimensionless surface potential. The
experimental value of the critical stress compares well with the
theoretical prediction (Table 3, Figure 10). At lower volume
fractions, shear thickening is difficult to detect as the effect is
small2 and the shear rates required are difficult to achieve in
the experiment. In this tablehm is the characteristic separation
distance between particle surfaces in the incipient hydrocluster
state, which is determined from theory ashmκ ) 1.453,3 where
κ is the inverse Debye screening length defined previously that
gauges the range of the electrostatic repulsion. Molecular
simulations show the characteristic intermolecular spacing for
EG in the liquid state to be∼5 Å with correlations extending
to ∼1 nm.38 Consequently, the interparticle spacing in the
incipient hydroclusters is still larger than the molecular cor-
relation length by a factor of 4-5 in the shear thickening state,
and continuum hydrodynamics correctly describes the hydro-
dynamic interaction. Also shown in Figure 10 are critical stresses
for the reference sample of 446 nm silica dispersions, with
rheology shown in Figure 5d. The excellent agreement between
the theoretical predictions and measurements support the
supposition that the mechanism of shear thickening is the same
in the 32 nm diameter nanoparticle dispersions as in the larger,
446 nm diameter colloidal dispersions. Apparently the relatively
greater roughness of the nanoparticles does not play a significant
role, probably because of the significant value of the relative
electrostatic screening length (κa).

Figure 11 shows an interesting result that suggests similarities
and differences remain unexplained, however, between the two
systems. Figure 10 demonstrates that much higher stresses are
required to induce shear thickening in the nanoparticle dispersion
as compared to the colloidal dispersion, as predicted. However,
Figure 11 shows that the transitionshear rates become
comparable for the two systems at volume fractions around 50%.
Both systems show a decreasing critical shear rate with volume
fraction, as is typical, but the nanoparticle dispersion shows a
much steeper decrease at lower volume fractions. This behavior
is not fully understood but may be a consequence of the more
significant electrostatic double layer relative to the particle size
for the nanoparticles. Also note that the relatively stronger
electrostatic repulsions for the nanoparticle dispersion limit are
concentrated by centrifugation to volume fractions below where
discontinuousshear thickening is typically observed (φ > 0.5).
Alternatively, surface roughness may play a role in mitigating
the strength of the shear thickening.23

B. Flow-SANS. Figure 12 shows the radial SANS pattern
at various shear rates including the Newtonian plateau, shear
thinning, transition to shear thickening, and shear thickening
regimes for concentrated nanoparticle dispersion (φ ) 0.45).
As shown in this figure, the continuous shear thickening
transition occurs around 3000 s-1. As is typical for continuously
shear thickening colloidal dispersions, there are only subtle
changes in the scattering pattern measured through the continu-
ous shear thickening transition.5,18 To identify microstructural
changes, the scattering patterns at each shear rate are subtracted
by the one at the lowest shear rate (hereγ̆ ) 1 s-1), which is
at low enough Peclet number to represent the equilibrium
state. These subtracted scattering patterns are displayed in Fig-
ure 12 as 3D plots below the original scattering patterns.
Tangential patterns show an even more isotropic pattern with
little change and, consequently, are not shown. Above 3000 s-1

of the shear rate, the distortion of the scattering patterns is
most dominant in the velocity direction, as shown in Figure
12. The most significant feature of the scattering under flow
is the lack of Bragg scattering,39 which demonstrates that the

shear thickening is not associated with an order-disorder
transition.40,41

Figures 13 and 14 show comparison of the circularly averaged
scattering intensity,I(q), for the data obtained in the radial
direction as a function of the scattering vector,q, at different
shear rates. At very low shear rate (γ̆ ) 1 s-1), which
corresponds to the equilibrium state (Pe , 1), the scattering
pattern shows an isotropic scattering ring due to the liquidlike
spatial distribution of the nanoparticle. In the shear thinning
regime (10 s-1 < γ̆ < 3000 s-1), the peak position does not
change with shear rate below 1000 s-1 of shear rate. Then
gradual changes in the radial scattering profile have been
observed with further increasing shear rate. The peak in the
scattering intensity becomes broader and shifts to lower scat-

Figure 13. Plot of the circular averaged scattering intensity measured in
the radial direction against the magnitude scattering vector for different
shear rates.

Figure 14. Peak of circular averaged scattering intensity as a function of
scattering vector with different shear rates. The labels for the symbols are
the same as those in Figure 13.
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tering vector with increasing shear rate, indicating long-range
correlations between the particles. This result shows only a slight
redistribution of particles due to flow in both the shear thinning
and shear thickening regimes; i.e., there is no order-disorder
transition associated with either shear thinning or shear thicken-
ing. Rather, the result is consistent with previous SANS
measurements of shear thickening dispersions that show similar
structural changes, which can be quantitatively connected to
the measured rheology.5

IV. Conclusions

Nanoparticle (32 nm) dispersions are shown to exhibit
rheology that is consistent with that of colloidal dispersions at
low, intermediate, and high shear rates. In particular, reversible
shear thickening is evident. Also, master curves can be
developed for the low shear pseudo-Newtonian plateau and shear
thinning regimes similarly to those for colloidal dispersions.
The volume fraction dependence of the low shear viscosity can
be described by an effective particle size that depends on the
electrostatic interactions between particles. Using independently
determined dispersion properties, including the surface charge
and associated ionic strength, theoretical predictions for the onset
of shear thickening can be compared to the measured data. The
results lead to the important conclusion that shear thickening
in nanoparticle dispersions is consistent with the hydrocluster
mechanism, which requires that continuum hydrodynamics
applies to particles that are separated only by nanometers.
Consequently, theoretical and experimental methods useful for
studying the rheology of colloidal dispersions can be applied
to nanoparticle dispersions. These conclusions are relevant for
processes using nanoparticle dispersions at high shear rates, such
as chemical mechanical planarization.42
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