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Synopsis

In this paper, the shear and extensional rheology of fumed silica nanoparticles dispersed in an
aqueous polyethylene oxide (PEO) solution is investigated. The role of particle concentration,
polymer concentration, and polymer molecular weight on both the shear and the elongational
behavior of the dispersions was examined. The fumed silica dispersions were found to strongly
shear thicken. Increasing particle concentration was found to increase the degree of shear
thickening. The effect of polymer concentration and polymer molecular weight on shear-thickening
behavior was found to be nonmonotonic. The data showed a maximum in shear thickening at an
optimum polymer concentration and molecular weight. Increasing the polymer concentration and
molecular weight was found to reduce the critical shear rate for the onset of shear thickening.
Linear viscoelastic measurements showed a qualitatively similar trend in the elastic modulus.
Extensional rheology was conducted using a capillary breakup extensional rheometer. The
dispersions showed strong strain-hardening behavior with thickening magnitudes similar to that
observed under shear. The trends in the magnitude of extensional hardening with particle and
polymer concentration were found to be similar to shear. In some cases, extensional thickening of
nearly 1000 times was observed. However, in contrast to shear, increasing the molecular weight of
the PEO corresponded to a sharp increase in extensional strain-hardening likely due to the role of
polymer-induced elasticity which was shown to cause extensional hardening even in the absence of
nanoparticles. © 2014 The Society of Rheology. [http://dx.doi.org/10.1122/1.4864620]

I. INTRODUCTION

Colloidal fluids are ubiquitous in everyday life. These rheologically complex fluids
are found in a host of materials ranging from detergents, paints, food, cements, and phar-
maceuticals. Due to their current and potential use in myriad applications, colloidal dis-
persions have been the focus of an enormous amount of interest in both academia
[Barnes (1989)] and industry [Wagner and Brady (2009)]. Shear-thickening fluids are
one class of colloidal dispersions. In a shear-thickening fluid, the viscosity abruptly
increases with increasing shear rate. A classic example is the cornstarch and water mix-
ture known as “oobleck.” Shear thickening can often have consequences in fluid handling
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causing damage in industrial processes by breaking equipment or fouling spraying equip-
ment and pumps. Still when properly designed and handled, shear-thickening fluids have
been exploited for a wide range of innovative applications. Examples of these applica-
tions include developing bullet proof soft body armor [Lee et al. (2003)], machine
mounts, and damping devices [Helber et al. (1990); Laun et al. (1991)] and driving fluids
for enhanced oil recovery [Nilsson et al. (2013)].

The physical mechanism responsible for the shear thickening of colloidal dispersions
has been subjected to extensive research and some debate over the last few decades. In
the pioneering work of Hoffman (1972, 1974), shear-thickening behavior in concentra-
tion latex dispersions was investigated using light scattering of the colloidal fluid. In his
measurements, shear thickening was observed to correlate with a loss in Bragg peaks in
the scattering patterns. Hoffman (1972) postulated that underlying mechanism was an
order-disorder transition in the microstructure at the onset of shear thickening. A decade
later, Laun et al. (1992) used neutron scattering to show that an order-disorder transition
was not required for shear thickening to occur. With the advent of Stokesian dynamics
simulations, the onset of shear thickening is now well understood to be the result of the
formation of hydroclusters: Dense clusters of tightly packed particles held together by
hydrodynamic interactions [Bossis and Brady (1984, 1989)]. Further, experimental stud-
ies by researchers [Bender and Wagner (1996); Fagan and Zukoski (1997); Laun et al.
(1992); Catherall et al. (2000); Maranzano and Wagner (2002)] using measurement tech-
niques such as rheology, turbidity, flow small angle neutron scattering, birefringence, and
optical dichroism on colloidal dispersions under shear have confirmed the hydrocluster
mechanism proposed through Stokesian simulations. Both experiments and simulations
have shown that in the regime of shear thickening, where the Peclet number is very large,
hydrodynamic lubrication forces dominate all the other colloidal forces resulting in the
formation of hydroclusters and an increase in density fluctuations in the fluid. The result-
ing anisotropy in the colloidal dispersions gives rise to large stress fluctuations and as a
result large shear viscosities [Melrose and Ball (2004)].

The shear-thickening behavior strongly depends on several factors such as volume
fraction of particles, surface chemistry of the particles, particle size distribution, viscosity
of the solvent, and polymer molecular weight [Barnes (1989); Kamibayashi et al.
(2008)]. However, the dispersions should be stable for shear thickening to occur [Barnes
(1989)]. Colloidal dispersions are sterically stabilized by the physical adsorption of free
polymer or by chemical grafting polymer chains, onto the surface of colloidal particles.
The polymer chains on the surface of colloidal particle prevent the interactions between
the particles preventing aggregation or flocculation through steric repulsion [Napper
(1983)]. Several researchers have investigated the influence of several factors, such as
thickness of polymer grafted layer, polymer molecular weight, particle size, and the vis-
cosity of solvent medium, on the onset of shear-thickening behavior of sterically stabi-
lized colloidal dispersions [Shenoy and Wagner (2005); Frith et al. (1996); Mewis and
Biebaut (2001); Mewis and Vermant (2000); Kamibayashi et al. (2008)]. Raghavan et al.
(2000) conducted shear and dynamic rheology of fumed silica dispersions in various or-
ganic media such as polypropylene glycol (PPG) and polyethylene glycol (PEG) to inves-
tigate the influence of various colloidal interactions in the dispersion stability and shear-
thickening behavior. Galindo-Rosales and Rubio-Hernandez (2010) and Galindo-Rosales
et al. (2009) investigated the influence of polymer molecular weight and particle surface
chemistry on the shear-thickening behavior by conducting rheology on fumed silica dis-
persions in PPG. Kamibayashi et al. (2008) studied the shear rheology of silica nanopar-
ticles in polyethylene oxide (PEO) and examined the effect of particle concentration,
polymer concentration, molecular weight, and particle size on shear-thickening behavior.
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The effect of particle concentration was found to increase the magnitude of the shear
thickening and decrease the critical shear rate for the onset of shear-thickening behavior.
Also, increasing the polymer concentration and polymer molecular weight was found to
decrease the critical shear rate needed for the onset of shear-thickening behavior. The
shear-thickening behavior was attributed to shear-induced formation of transient network
of nanoparticle suspensions flocculated by polymer bridging [Kamibayashi et al. (2008)].
The PEO chains have strong affinity of adsorption to the surface of silica nanoparticles
through hydrogen bonding [Voronin et al. (2004)]. During flow, the shear fields facilitate
interaction between polymer chains and particles causing flocculation of the particles by
bridging with polymer chains, which result in a shear-thickening behavior [Kamibayashi
et al. (2008)].

Extensional flows are of significant importance in many applications such as agro-
chemical spraying, enhanced oil recovery, coating flows, fiber spinning, food processing,
and coating flows [Galindo-Rosales et al. (2012); Sankaran and Rothstein (2012);
Nilsson et al. (2013)]. However, there are limited studies dedicated to the extensional
rheology of suspensions and colloidal dispersions when compared to shear. Bischoff
White et al. (2010) studied the extensional rheology of corn starch in water suspensions
using filament stretching extensional rheometer (FISER) and capillary breakup exten-
sional rheometer (CaBER), to investigate the mechanism of strain hardening. The corn
starch in water suspensions demonstrated a strong extensional hardening beyond a critical
extensional rate. The extensional-hardening behavior was attributed to the aggregation of
particle clusters to form interconnected jammed network. Extensional measurements of
silica nanoparticles in aqueous polyethylene solution of high molecular weight (4 and
8 x 10° g/mol) using CaBER are presented in the appendix of Wang et al. (2004), in con-
nection with the tubeless siphon studies on silica nano suspensions. The nanoparticles in
PEO suspensions were found to enhance the extensional flow properties. However, their
study was limited to few samples (only two particle concentrations, particle sizes, and
PEO molecular weights), and therefore, the trends based on particle concentration, parti-
cle size and molecular weight, and the behavioral mechanisms were not investigated sys-
tematically. Xu et al. (2005) investigated the morphology and rheology of an entangled
nanofiber/glycerol-water dispersions using opposed jet device. The dispersions showed
extensional thinning behavior which is likely a result of breakdown of entangled nano-
fiber network structure under extensional stress. Ma et al. (2008) used CaBER to investi-
gate the difference in extensional rheology of a Newtonian epoxy and a series of
dispersions of carbon nanotubes in the epoxy. The extensional viscosity measurements
were in good agreement with theoretical predictions of Batchelor (1971) and Shaqfeh
and Fredrickson (1990), who studied rigid rod particles in extensional flows. The exten-
sional viscosity enhancement observed for carbon nanotube dispersions is the result of
orientation of carbon nanotube in the flow direction during the stretch. Chellamuthu et al.
(2009) investigated the extensional rheology of dispersions of fumed silica particles sus-
pended in low molecular weight PPG using filament stretching rheometer combined with
light scattering measurements to elucidate the microstructure evolution during the flow.
Beyond critical extensional rate, a dramatic increase in strain-hardening of extensional
viscosity was observed akin to the thickening transition observed in shear but with a
larger magnitude and at reduced critical deformation rates. Light scattering measure-
ments showed that strain-hardening was due to alignment of nanoparticles due to forma-
tion of large aggregates in the flow direction. These were the first direct observations of
hydrodynamic clustering in extensional flow.

Fumed silica has been an attractive material as a rheological modifier due to its thixo-
tropic behavior and thickening agent. Due to its high specific surface area and branching
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structure, it displays remarkable rheological properties. Therefore, fumed silica has tre-
mendous technological applications such as solid electrolytes in fuel cell technology
[Lue er al. (2010)], stabilizing agent in foams [Binks and Horozov (2005)] and emul-
sions [Binks (2002)], and viscosity modifier for enhanced oil recovery [Nilsson et al.
(2013)]. Fumed silica is also widely used as fillers in polymer composites due to
improved thermomechanical properties [Nandi et al. (2012); Fukushima et al. (2011)].
PEO, a water soluble, flexible, nonionic polymer, has potential applications such as lith-
ium ion batters [Lue et al. (2010)], turbulent drag reduction [Lim et al. (2007)], floccu-
lant in pulp and paper [van de Ven et al. (2004)], and drug delivery [Kim et al. (2010)].
In the present work, a series of fumed silica colloidal dispersions in a solution of PEO
in water were studied. Here, we systematically investigate the effect of particle concen-
tration, polymer concentration, and polymer molecular weight on both shear and exten-
sional behavior.

Il. EXPERIMENTAL SETUP
A. Materials

PEO of various molecular weights (2 X 105, 6 X 105, 1 x 106, and 2 x 10° g/mol) was
purchased from Aldrich Chemicals. The surface tension of the aqueous PEO solutions in
water is ~60mN/m [Sankaran and Rothstein (2012)]. Hydrophilic fumed silica
(AEROSIL @ 200) with specific surface area of 200 m?/g and primary particle size
12 nm was graciously supplied by Degussa.

B. Sample preparation

Initially PEO solutions were prepared by mixing appropriate amount of PEO in water
and stirred for 24 h at room temperature to form homogeneous solution. Fumed silica dis-
persions were then prepared by adding the appropriate amount of the PEO solution to
fumed silica and then sonicated for 20 min. The samples were then stored in air tight
glass bottles and were stirred using magnetic stirrer for 12 h before the experiments were
performed. The fully mixed dispersions appeared cloudy.

C. Shear rheometry

Shear rheology was conducted on a stress-controlled TA Advantage 2000 and DHR-3
rheometers using a 40 mm aluminum parallel-plate geometry at a constant temperature of
23 °C temperature. A solvent trap was used to prevent sample evaporation during meas-
urements. The samples were pre-sheared before conducting any rheological measure-
ments to erase any shear history during sampling preparation and handing [Raghavan and
Khan (1995); Galindo-Rosales and Rubio-Hernandez (2010)]. The pre-shear conditions
were determined by observing the evolution of viscosity at different shear rates. The time
required to reach a steady-state value at a given shear rate was set as the duration of pre-
shear, and the shear rate was chosen below the limit of reversibility to avoid any sample
denaturation. Thus, pre-shear conditions were set as pre-shear duration of 4 min at 505"
shear rate. After pre-shear, samples were allowed to rest for 4 min to reach equilibrium.
Steady shear rheological measurements were conducted in the shear rate range of
0.1-100s "', both forward and backward cycles and showed little to no hysteresis. Small
amplitude oscillatory shear tests were conducted in the frequency range 0.1 to 100 rad/s,
with a fixed strain amplitude, chosen to place the measurements well within the linear
viscoelastic region.
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D. Capillary breakup extensional rheometry

Extensional measurements were carried out using a CaBER. CaBER is a common tech-
nique for characterizing extensional properties of less concentrated and less viscous fluids
[McKinley and Tripathi (2000); Anna and McKinley (2001); Rodd et al. (2005)]. The
CaBER measurements presented here were performed using a high-speed CaBER designed
and developed specifically for these experiments. In all of the CaBER experiments pre-
sented here, an initial nearly cylindrical fluid sample is placed between two cylindrical
plates with radii of R =2.5mm and stretched with a constant velocity of U=200mm/s
from an initial length L; =R to final length of L In these experiments, the final stretch
length is fixed at Ly=3 L;. Once the stretch is stopped, the capillary thinning of the liquid
bridge formed between the two end plates or uniaxial extensional flow that is resisted by
the viscous and elastic stresses developed by the flow within the filament. A number of
rheological properties can be determined by monitoring the evolution of the filaments di-
ameter as a function of time. These include the apparent extensional viscosity, 77z, and the
extensional relaxation time, Ag. The extension rate of the fluid filament is given by

2 dRm,‘d(l‘)

£ _Rmid(t> dt

ey

The evolution of an apparent extensional viscosity with this extension rate profile can
easily be calculated by applying a force balance between capillary stresses and the vis-
cous and elastic tensile stresses within the fluid filament neglecting inertia [Anna and
McKinley (2001); Papageorgiou (1995)]

. G/Rmid(t) _ i
nE,aPP - & o dDmid(t)/dt .

@)

A number of limiting cases can be theoretically predicted for CaBER measurements.
Papageorgiou (1995) showed that for a Newtonian fluid the radius of the fluid filament
will decay linearly with time, R,,;,(f) o< (t, — t), to the final breakup at #,. Entov and
Hinch (1997) showed that for an Oldroyd-B fluid with a relaxation time of 4, the radius
will decay exponentially with time, R,,;q(f) o exp(—t/34), resulting in a constant exten-
sion rate of ¢ = 2/3z. However, for particle dispersions, the key is to create a flow
strong enough that the Peclet number, Pe = R?,,; /D>, is large and flow dominates the
Brownian motion of the particles [Wagner and Brady (2009)]. Here, D, is the diffusion
coefficient of the particles in solution.

To calculate the apparent extensional viscosity from experiments, the diameter meas-
urements as a function of time can either be fit with a spline and then differentiated or,
for more well-defined fluids such as viscoleastic fluids, the diameter can first be fit with
an appropriate functional form and then be differentiated with respect to time [Anna and
McKinley (2001)]. For these nanoparticle dispersions, the diameter decay is typically fit
with a spline while regions of exponential decay were used to determine the extensional
relaxation time of each fluid.

lll. RESULTS AND DISCUSSIONS
A. Shear rheology

Prior to investigating shear-thickening behavior of fumed silica dispersions in aqueous
PEO, shear rheology was conducted on fumed silica dispersions in water and on neat
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PEO solutions separately to examine the rheological behavior independently. The steady
shear behavior of the aqueous PEO solutions (M,, =6 x 10° g/mol) appeared Newtonian
with a constant viscosity for all concentrations. The viscosity was found to increase
approximately linearly with concentration from 2.16 to 14.9 mPa s over the range of
PEO concentration tested. Additionally, the linear viscoelastic response of these systems
that are not shown here was very weakly elastic and too noisy to obtain reliable, repeat-
able relaxation time data. Shear rheology of fumed silica dispersions in water at various
particle concentrations, without any addition of polymer, is shown in Fig. 1. The pure
silica dispersions in water without polymer show shear thinning behavior and do not ex-
hibit any shear thickening. Fumed silica are aggregates synthesized by fusion of spherical
Si0, with primary particles size of 12nm into a larger particle that is fractal in nature.
Fumed silica nanoparticles in water have been found to exist through small angle neutron
scattering as aggregates due to strong hydrogen bonding [Kawaguchi et al. (1995)]. The
shear thinning behavior could be due to rupture of 3D network of the agglomerates and
subsequent orientation of the microstructure along the direction of shear fields [Wagner
and Brady (2009); Kawaguchi et al. (1996)].

Next, solutions of nanoparticles with PEO were studied in order to understand the
impact of particle concentration on shear-thickening behavior. Steady shear experiments
were conducted on fumed silica dispersions in aqueous PEO solution where the PEO mo-
lecular weight was 6 x 10° g/mol and its concentration was held fixed at 0.6 wt. % but
where the fumed silica concentration was varied from 0 to 5 wt. %. As shown in Fig. 2,
the dispersions containing PEO showed strong shear-thickening behavior. As expected,
the viscosity at low shear rates was observed to increase with increase in particle concen-
tration. At particle concentrations below 3 wt. %, no shear thickening was observed. As
the particle concentration was increased, the magnitude in the shear thickening was found
to increase monotonically. The degree of shear thickening, #,,,./1,, for these samples is
also tabulated in Table I. The shear-thickening behavior of fumed silica has been
observed in simple solvents like low molecular weight PPG [Raghavan and Khan (1997);
Raghavan et al. (2000); Chellamuthu et al. (2009)]. As described in the Introduction, the
mechanism of shear thickening of neat particle dispersions is through the formation of
hydroclusters [Bender and Wagner (1996)].
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FIG. 1. Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions in water. The
data include a series of particle concentrations: (<) 3 wt. %, (@) 4 wt. %, and (O) 5 wt. %.
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FIG. 2. Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions in 0.6 wt. %
PEO (M,, =6 x 10° g/mol). The data include a series of different particle concentrations: (&) O wt. %, (<) 3 wt.
%, (O) 4wt. %, (M) 4.5 wt. %, and (O) S wt. %.

PEO has been found to have strong affinity for adsorbing to fumed silica nanoparticles
[Voronin et al. (2004)]. When PEO is added to the dispersion, they can prevent interac-
tion and control agglomeration of the nanoparticles through the formation of hydrogen
bonding between the terminal hydroxyl or the ether group of PEO and the silanol groups
of fumed silica. At low shear rates, the particles are influenced only by Brownian motion.
Beyond a critical shear rate, the hydrodynamic forces can induce interactions between
particles, making it possible for free end of an adsorbed polymer to bridge to another par-
ticle creating shear-induced interconnections between particles. Additionally, the
adsorbed polymer may be deformed by the imposed shear flow allowing it to extend and
bridge with one or more particles creating a 3D interconnected network. The result is
likely the formation of particle clusters similar to those formed in the absence of PEO but
typically at much lower particle concentrations. This formation of shear-induced clusters
of particles flocculated by polymer bridging could result in the shear-thickening behavior
[Bender and Wagner (1996); Kamibayashi e al. (2008)]. At still higher shear rates, the
viscosity is observed to drop as the 3D interconnected network begins to break down
under high shear stresses. In Fig. 2, we can observe an increase in the shear-thickening

TABLE 1. Rheological properties of fumed silica dispersions in an aqueous PEO.

Sample M, (kg/mol) J (ms) Tr=1g.oMo Ne.maxo Nmax/Mo PG
38i-0.6PEO 600 1.4 16.7 1.4 22 0.9
4Si-0.6PEO 600 22 24.1 1.4 37 1.0
4.58i-0.6PEO 600 3.1 32.0 5.6 4.0 15
5Si-0.6PEO 600 6.4 160.0 16.7 9.6 1.0
4.5Si-0.2PEO 600 1.6 10.1 1.8 17 10.0
4.5Si-0.4PEO 600 2.4 4000 750 10.0 4.0
4.55i-0.8PEO 600 1.4 20.0 29 1.1 0.6
4.58i-0.6PEO 200 03 312 25 25 8.0
4.58i-0.6PEO 1000 57 38.8 8.2 3.0 15

4.58i-0.6PEO 2000 14.6 70.0 159 1.2 0.7
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magnitude with increasing particle concentration from 3 to 5 wt. %. Similar trends were
observed by Kamibayashi et al. (2008). The impact of particle concentration in shear-
thickening behavior is also similar to observed for fumed silica dispersions in low molec-
ular weight PPG [Raghavan and Khan (1997); Chellamuthu et al. (2009)]. This is likely
the result of an increase in the number of silica sites for the PEO chains to adsorb. As a
result, the network that is formed at the onset of shear thickening is larger, more intercon-
nected, and stronger. No significant change in the critical shear rate for the onset of
shear-thickening behavior can be noticed. However, the maximum in viscosity is
observed to shift to larger shear rates indicating a stronger network structure.

Linear viscoelastic measurements were also conducted for different particle concen-
trations holding PEO concentration constant at 0.6 wt. % as shown in Fig. 3. For all parti-
cle concentrations tested, the storage modulus was found to be independent of frequency
and significantly larger than the loss modulus, which was found to have a very weak de-
pendency in frequency. This behavior suggests interconnected network of fumed silica
nanoparticles dispersions. The increasing trend in the moduli values suggests an increase
in the 3D percolation network of fumed silica nanoparticles due to an increase in inter-
particle and particle-polymer hydrogen bonded interactions.

In order to understand the effect of polymer concentration on shear thickening of these
systems, the shear rheology was measured for solutions with varying PEO concentration
from 0.2 to 1 wt. % while fixing the fumed silica concentration at 4.5 wt. %. A plot of
several representative data sets is shown in Fig. 4. An increase in shear-thickening behav-
ior was observed with increasing PEO concentration up to 0.4 wt. %. At this polymer
concentration, the shear-thickening behavior was maximized. Further increases to the
PEO concentration resulted in a decrease in shear thickening and eventually, at high PEO
concentrations, the elimination of shear thickening. Our hypothesis is that at low polymer
concentrations, fewer polymer chains are available to bridge between silica particles.
Therefore, the observed increase in shear-thickening behavior with increasing polymer
concentration is likely due to increase in the availability of free polymer chains to bridge
particles and form hydroclusters. However, increasing the polymer concentration will
also simultaneously reduce the number of adsorption sites on the particles available for
bridging under flow because they will be occupied or blocked by PEO already adsorbed
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FIG. 3. Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function of angular frequency
for a series of fumed silica dispersions in 0.6 wt. % PEO (M,,= 6 x 10’ g/mol). The data include a series of dif-
ferent particle concentrations: (<) 3 wt. %, (@) 4 wt. %, and (®) 5 wt. %.
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FIG. 4. Steady shear viscosity as a function of shear rate for a series of 4.5 wt. % fumed silica dispersions in an
aqueous PEO solution (M,, =6 x 10° g/mol). The data include PEO concentrations of (A) 0.2 wt. %, (<) 0.4 wt.
%, (@) 0.6 wt. %, (0) 0.8 wt. %, and () 1 wt. %.

to the particles under quiescent conditions. Additionally, like polymer brushes attached
to a particle [Frith ez al. (1996)], the adsorbed PEO can increase steric repulsion, increas-
ing the separation between the particles and reducing their hydrodynamic interactions.
As aresult, a decrease in shear thickening is observed in Fig. 4 beyond a concentration of
0.4 wt. %. Therefore, an optimal polymer concentration exists which maximized the mag-
nitude of shear thickening. Unlike for particle concentrations, a strong correlation can be
observed in Fig. 4 between the shear rate required to induce shear thickening and the
polymer concentration. Increasing the polymer concentrations from 0.2 to 0.8 wt. % was
found to reduce the critical shear rate for the onset of shear thickening by a factor of 10.
As flow and Peclet number increase, particle interactions increase as does their proximity
due to hydrodynamic interactions [Foss and Brady (2000)]. The critical shear rate for the
onset of shear thickening depends on the interparticle distance [Boersma et al. (1990)],
but also the likelihood of polymer bridging between particles which increases with
increasing PEO concentration. The effect of polymer concentration on the onset of shear-
thickening behavior observed here is similar to that reported in literature for similar sys-
tems [Kamibayashi et al. (2008)].

The effect of polymer concentration on linear viscoelastic behavior was also examined
and is shown in Fig. 5. The storage modulus exhibits frequency independent behavior in
all cases and a nonmonotonic behavior with increasing polymer concentration. The stor-
age modulus initially increases to a maximum and then decreases beyond certain increase
in polymer concentration. These measurements and their qualitative similarity to the
shear-thickening trends support the physical arguments made above.

In order to understand the effect of molecular weight on the shear behavior, four dif-
ferent polymer molecular weights (2 x 10°, 6 x 10°, 1 x 10°, and 2 x 10° g/mol) were
studied. The radius of gyration was estimated using empirical relation of Swenson et al.
(1998) for PEO solutions in water resulting in values of 28, 53, 72, and 110nm for
2% 10° ,6x10°, 1 x 106, and 2 x 10° g/mol molecular weights, respectively. The shear
rheology of aqueous solution of 0.6 wt. % PEO without fumed silica particles are also
shown in Fig. 6. The behavior is Newtonian up to 1 x 10° g/mol molecular weight and is
slightly shear thinning at 2 x 10° g/mol. The viscosity was found to scale linearly with
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FIG. 5. Storage modulus as a function of frequency for a series of 4.5 wt. % fumed silica dispersions in an aque-
ous PEO solution (M,, =6 x 10° g/mol). The data include PEO concentrations of (A) 0.2wt. %, (<) 0.4 wt. %,
(@) 0.6 wt. %, and () 1 wt. %. The data series for ((J) 5 wt. % fumed silica nanoparticle dispersion in water
without any polymer is also included.

increasing polymer molecular as expected for dilute polymer solutions [de Gennes
(1979)], although a slight deviation from theory at the highest polymer molecular weight
was observed. The observed deviation is likely the result of not obtaining a zero shear
rate viscosity for the highest molecular weight sample. In Fig. 7, four representative rheo-
logical data sets are presented for dispersions of 4.5 wt. % fumed silica nanoparticles in
an aqueous solution of 0.6 wt. % PEO. Increasing the molecular weight from 200 to
600 kg/mol increased the shear-thickening behavior. A higher molecular weight polymer
has longer chains and can bridge particles farther apart. Additionally, a higher molecular
weight polymer can attach to a greater number of particles and increase the degree of
bridging [Otsubo (1993)]. As a result, with increase in molecular weight from 2 x 10> to
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FIG. 6. Steady shear viscosity as a function of shear rate for a series of aqueous 0.6 wt. % PEO solution. The
data include a series of PEO at several different molecular weights (M,,): () 2 X 10° g/mol, ([J) 6 x 10° g/mol,
(®) 1 x 10°g/mol, and () 2 x 10° g/mol.



EXTENSIONAL RHEOLOGY OF COLLOIDAL DISPERSIONS 421

10 ¢ T T T
B 000"
S ’>‘o * E
s o o
N *—¢ AR
2 oL N
g O |:1/ AN Eim\
1) O—-g” Q ¢ U~
S AN AN
2 01f O e,
> F N
“o-0
7 A
L d-qg
0.1 44444/ <
0.003 L ' : 1
0.1 1 10 100 200

Shear Rate [1/s]

FIG. 7. Steady shear viscosity as a function of shear rate for a series of 4.5 wt. % fumed silica dispersions in an
aqueous 0.6 wt. % PEO solution. The data include a series of PEO at several different molecular weights (M,,):
(<) 2 % 10° g/mol, () 6 x 10° g/mol, (#) 1 x 10° g/mol, and (O) 2 x 10° g/mol.

6 x 10° g/mol, an increase in the magnitude of shear-thickening behavior was observed.
However, increasing the molecular weight further from 6 x 10° to 1 x 10° and finally to
2 % 10° g/mol, the degree of shear thickening, the ratio of peak shear viscosity to the
shear viscosity at the onset of thickening, was found to decrease. Here, the comparison
between different polymer molecular weights is at a constant weight percent. Therefore,
the number of molecules and thus the terminal -OH groups of PEO decrease by a factor
of 10 with increasing molecular weight from 2 x 10° to 2 x 10° g/mol. However, the total
number of hydrophilic sites of PEO, terminal -OH and ether oxygen groups, remain
unchanged as the weight percent is fixed. Therefore, the decrease in the shear-thickening
behavior despite constant number of PEO sites suggests a decreasing effectiveness in the
formation of bridges between nanoparticles beyond certain increase in the polymer mo-
lecular weight. For stable dispersions, the adsorption of a higher molecular weight poly-
mer, whose radius of gyration is greater than the particle, R, > R),44icie, may result in a
significant increase in the polymer coverage of the particle surface area. Kawaguchi et al.
(2001) have also reported a greater particle surface area coverage at higher polymer mo-
lecular weights from the adsorption measurements of PEO onto fumed silica. The
observed reduction in shear-thickening could thus be the result of a decreased number of
interactions or bridging chains between neighboring nanoparticles [Cabane et al. (1997)].

A decrease in the critical shear rate for the onset of shear thickening, j,., with increas-
ing molecular weight was also observed. This behavior is consistent with reported in lit-
erature [Galindo-Rosales er al. (2009); Raghavan et al. (2000); Kamibayashi et al.
(2008)]. Adsorption of a polymer molecule on a particle may also increase the hydrody-
namic radius of the particle, which effectively decreases the interparticle distance influ-
encing the onset of shear-thickening behavior. The critical shear rate for shear thickening
has been shown to scale inversely with the particle size as y, ~ a2 or a > [Frith et al.
(1996); Barnes (1989)].

In order to gain further insights of the effect of polymer molecular weight on shear-
thickening, linear viscoelastic experiments were also conducted on the nanoparticle dis-
persions at different polymer molecular weights as shown in Fig. 8. At 2x 10’ and
6 x 10° g/mol PEO molecular weight, the moduli variation is frequency independent
indicating an interconnected structure. However, increasing the molecular weight to
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FIG. 8. Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function of angular frequency
for a series of 4.5 wt. % fumed silica nanoparticle dispersions in an aqueous 0.6 wt. % PEO solution. The data
include a series of PEO at several different molecular weights (M,,): () 2 x 10° g/mol, (@) 6 x 10° g/mol, and
(m) 2 x 10° g/mol. The data (x) for 0.6 wt. % aqueous PEO of molecular weight 2 x 10° g/mol without fumed
silica nanoparticles are also included.

2 x 10° g/mol results in a sol-like response (G” > G') with moduli scaling power law with
frequency, approaching G’ ~o® and G" ~w at low frequency. Further, the frequency
sweep response is quite similar to the case with pure polymer solution without any nano-
particles. This suggests that for the high molecular weight systems, the polymer and not
the particles dominate the fluid’s response. These results agree well with Kawaguchi
et al. (2001) who reported a similar reduction in the dynamic moduli for adsorption of
higher PEO molecular weight to silica nanoparticles.

B. Extensional rheology

Capillary breakup extensional rheology of the silica dispersions was conducted vary-
ing particle concentration, polymer concentration, and molecular weight as described in
Sec. IID. In Fig. 9, the evolution of the diameter for a series of silica particle concentra-
tions is shown on a semi-log plot. Here, the concentration and molecular weight of PEO
are fixed at 0.6 wt. % and 6 x 10° g/mol, respectively. We can observe an increase in fila-
ment lifetime with increasing particle concentration. In order to calculate the apparent
extensional viscosity, the diameter decay data were fit by a spline and then differentiated
according to Eq. (2). In Fig. 10, the apparent extensional viscosity, 7z, is shown as a
function of Hencky strain for various particle concentrations. The apparent extensional
viscosity is independent of Hencky strain at low strains, begins to increase beyond a cer-
tain Hencky strain, and levels off at high Hencky strains. This behavior is termed as strain
hardening. As expected, the apparent extensional viscosity at low strains, 7 ,, increases
with increase in particle concentration. The Trouton ratio, Tr = ng ,/1,, was found to be
in the range of 5-10, which is slightly larger than 3, which is predicted for Newtonian flu-
ids. There is some uncertainty as to which zero shear rate viscosity to choose as many of
these samples show shear thinning even at the lowest shear rates measured. The value for
1, is thus likely a little low for all these samples. Additionally, the particles are not spher-
ical, and Batchelor (1971) showed that high aspect ratio particles can have large exten-
sional viscosities. Thus, the deviation from 7r =3 could be due to the nonspherical or
fractal nature of the fumed silica particles [Batchelor (1971)]. The strain-hardening
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FIG. 9. Diameter evolution as a function of time during a capillary breakup extensional rheology measurement
for a series of fumed silica dispersions in an aqueous solution of 0.6 wt. % PEO (M,, =6 x 10> g/mol). The data
include a number of different particle concentrations: (<) 3 wt. %, (O) 4 wt. %, (H) 4.5 wt. %, and ©) 5wt. %.

behavior is mild at lower particle concentrations but increases strongly at higher particle
concentration. The steady-state Trouton ratio, 77, = /g ~./1,» and extensional relaxation
time as a function of particle concentration are shown in Fig. 11. The extensional relaxa-
tion time, 4z, was obtained by fitting the exponential diameter decay in the middle times
to an exponential function. The characteristic extensional relaxation times thus calculated
for various particle concentrations are shown in Fig. 11. We can observe an increase in
Ar with increase in particle concentration. We notice that the Tr., and Az increase quite
quickly with increase in particle concentration beyond a 4 wt. % particle concentration to
a maximum of Tr., = 160 and Az = 6.4 ms, respectively. The qualitative effect of particle
concentration on strain hardening is consistent with the observations in literature [Wang
et al. (2004); Chellamuthu et al. (2009)]. In Chellamuthu et al. (2009), the light scattering

= 100711

10 E

e
—
T
1

Apparent Extensional Viscosity, 7, [Pa

Oloszlll\\lll
3 4 5 6 7 8 9 10 11 12

Hencky Strain, &

FIG. 10. Apparent extensional viscosity as a function of Hencky strain for a series of fumed silica dispersions
in an aqueous 0.6 wt. % PEO solution (M,,: 6 x 10° g/mol). The data include several different particle concentra-
tions: () 3 wt. %, (O) 4 wt. %, (H) 4.5 wt. %, and (O) 5 wt. %.
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silica nanoparticle concentration in 0.6 wt. % aqueous PEO solution (M,, =6 x 10° g/mol).

measurements during the extensional flow of fumed silica dispersions in low molecular
weight PPG indicated an alignment of string of interacting particles in the flow direction.
We believe alignment and interaction of particles in the extensional flows presented here
can result in the formation of multiple particle clusters bridged by the PEO chains, result-
ing in the strong strain-hardening behavior presented in Fig. 10. The increase in the
strain-hardening behavior with increasing silica particle concentration could be the result
of increased bridging between particles and polymer chains and the development of a
stronger interparticle network structure as was observed in the shear rheology and linear
viscoelastic measurements.

In shear rheology, a strong correlation between elastic modulus and shear-thickening
behavior by polymer-particle bridging mechanism has been demonstrated. Here, we exam-
ine the trends in the elongational behavior as compared to shear-thickening to understand
the mechanism of strain-hardening in elongational flow. The effect of particle concentra-
tion in the trends of shear-thickening and strain-hardening is compared in Fig. 12. The
magnitude of strain hardening was quantified as the ratio of steady-state apparent exten-
sional viscosity and the apparent extensional viscosity at low Hencky strains, #g,.
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FIG. 12. Shear-thickening magnitude #,,,,/17, (<) and extensional-hardening magnitude #g ,,../1, (») as a func-
tion of fumed silica nanoparticle concentration in 0.6 wt. % aqueous PEO solution (M,, = 6 x 10° g/mol).
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Similarly, the magnitude of shear thickening was calculated as the ratio of the maximum
attained viscosity in the shear-thickening range and the viscosity at the onset of shear
thickening, #,,,./1.. We can observe that both the magnitude of shear and extensional
thickening show an increasing trend with increasing particle concentration. The effect of
particle concentration on strain-hardening behavior is qualitatively similar to the
shear-thickening behavior. This suggests a similarity in the mechanism of strain-hardening
and shear-thickening behavior. However, the increase in the extensional-hardening magni-
tude is greater than the shear-thickening magnitude at higher particle concentrations.
Finally, we should note that the extensional rheology of pure fumed silica dispersions was
not possible to measure because, due to the low viscosity of the samples, the filament
breakup time scales are too fast to accurately capture the capillary thinning process.

In order to understand the effect of polymer concentration on extensional rheology,
CaBER measurements were conducted on a series of samples with varying polymer con-
centration from 0.2 to 0.8 wt. % with a particle concentration fixed at 4.5 wt. % and a
polymer molecular weight of 6 x 10° g/mol. The results are presented in Fig. 13. As with
shear, we observed a nonmonotonic trend in the magnitude of strain hardening with
increasing PEO concentration. The strain-hardening behavior increases up to 0.4 wt. %
PEO and then decreases with further increase in PEO concentration. At 0.4 wt. % PEO,
the steady-state apparent extensional viscosity was found to increase by three orders of
magnitude and continued increasing to very high Hencky strains. The steady-state
Trouton ratio and extensional relaxation time are shown as a function of PEO concentra-
tion in Fig. 14. A maximum in both the steady-state Trouton ratio and the extensional
relaxation time are observed at a PEO concentration of 0.4 wt. % suggesting a clear opti-
mal PEO concentration for both the shear and extensional thickening in these systems.
The effect of PEO concentration on strain hardening and shear thickening is compared in
Fig. 15. We can observe that the trends in the magnitude of strain-hardening and
shear-thickening behavior with increasing PEO concentration are qualitatively similar,
where a maximum in both the behavior occurs at an optimum PEO concentration, which
also occurs at the same 0.4wt. % PEO concentration. This strongly suggests that the
effect of PEO concentration in strain-hardening mechanism is similar to shear thickening.
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FIG. 13. Apparent extensional viscosity as a function of Hencky strain for a series of 4.5 wt. % fumed silica
nanoparticle dispersions (M,, =6 x 10° g/mol) in water. The data include results for a number of different PEO
concentrations: (A) 0.2 wt. %, (<) 0.4 wt. %, (l) 0.6 wt. %, and (O) 0.8 wt. %.
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However, the increase in the extensional-hardening magnitude is approximately two
orders of magnitude greater than the shear-thickening magnitude.

In order to understand the effect of polymer molecular weight, extensional rheology
measurements of fumed silica nanoparticle dispersions in aqueous PEO solution were
performed for a series of solutions using four different molecular weights of PEO,
2% 10%, 6% 10°, 1 x 10°, and 2 x 10° g/mol as shown in Fig. 16. Here, the fumed silica
concentration and PEO concentration are fixed at 4.5 and 0.6 wt. %, respectively. As
expected, the apparent extensional viscosity at low Hencky strains was found to equal
approximately 77~ 3 and increase with increasing molecular weight. At large Hencky
strains, the magnitude of strain hardening was found to also increase with increasing
polymer molecular weight. As seen in Fig. 17, these trends correspond to an increase in
extensional relaxation time and steady-state Trouton ratio with increase in molecular
weight. The effect of polymer molecular weight on the strain-hardening behavior is in
agreement with reported for silica nanoparticle suspensions in high molecular weight
PEO (4 and 8 x 10° g/mol) [Wang et al. (2004)]. Extensional rheology measurements for
2 x 10° g/mol molecular weight without any nanoparticles is also shown in Fig. 16. The
apparent extensional viscosity at low Hencky strains is lower compared to the dispersions
of nanoparticles as expected. However, the magnitude of strain-hardening was found to
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FIG. 15. Shear-thickening magnitude 1,,,./7, (<) and extensional-hardening magnitude 7y ../, (») as a
function of PEO concentration (M,, = 6 x 10° g/mol) for a 4.5 wt. % fumed silica nanoparticle concentration.
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nanoparticle dispersions in an aqueous 0.6 wt. % PEO solutions in water. The data include results for a number
of different PEO molecular weights: (<) 2 x 10°, (CJ) 6 x 10°, (@) 1 x 10° g/mol, and (#) 2 x 10° g/mol. The
data () for 0.6 wt. % aqueous PEO of molecular weight 2 x 10° g/mol without fumed silica nanoparticles are
also included.

be about two times greater than the dispersions containing nanoparticles. The elonga-
tional measurements for the PEO solutions of molecular weight lower than 2 x 10° g/mol
could not be measured due to their low viscosity and the resulting extremely short life
times of their filaments.

If we compare the effect of polymer molecular weight in both shear and extensional
rheology by observing the trends of the magnitude of shear-thickening and extensional
hardening with increasing molecular weight in Fig. 18, we notice qualitatively different
trends in the behavior. The shear-thickening trend is nonmonotonic with increasing
molecular weight, where a maximum in shear-thickening behavior occurs at
M,, =6 x 10° g/mol. Conversely, the strain-hardening behavior was found to increase
monotonically with increase in the molecular weight. The contrasting trends between
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FIG. 17. Steady-state Trouton ratio 1z /1, (<) and extensional relaxation time Az (B>) as a function of PEO
molecular weight. The concentration of aqueous PEO and fumed silica nanoparticles is at 0.6 wt. % and 4.5 wt.
%, respectively.
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shear-thickening and strain-hardening behavior suggest that the polymer chain length
plays a different role in shear versus extensional flows. Clearly polymer elasticity and the
deformation of polymer chains either in bulk or tethered between nanoparticles have a
significant impact in the strain-hardening mechanism for these nanoparticle/high molecu-
lar weight dispersions.

IV. CONCLUSIONS

The effect of particle concentration, polymer concentration, and polymer molecular
weight on both shear and elongational behaviors of fumed silica dispersions was investi-
gated. In shear, increasing particle concentration was found to increase the extent of shear
thickening. The effect of polymer concentration and molecular weight on the shear-
thickening behavior was qualitatively similar. In each cases, a maximum shear thickening
was found to occur at either an optimum polymer concentration or polymer molecular
weight. In addition, increasing the polymer concentration and the polymer molecular
weight was found to decrease the critical shear rate for the onset of shear thickening. The
shear-thickening behavior was attributed to the formation of hydroclusters resulting from
the polymer-particle bridging induced by the imposed shear flows. Linear viscoelastic
measurements showed strong correlation between the trends in the elastic modulus and
the shear-thickening behavior. Extensional rheological measurements were conducted
using CaBER. The effect of particle concentration and polymer concentration on the
strain-hardening behavior was found to be qualitatively similar to shear thickening. The
similarity in the fluids response under shear and extension indicated a similar underlying
physical mechanism. Increasing the particle concentration increased the magnitude of
strain hardening similar to shear thickening. However, the increase in the magnitude of
strain hardening is larger compared to the shear thickening at higher particle concentra-
tions. With increasing polymer concentration, the strain-hardening behavior showed a
nonmonotonic trend similar to shear thickening. At optimal conditions of 0.4 wt. % PEO
concentration, 6 x 10° g/mol molecular weight, and 4.5 wt. % fumed silica nanoparticle
concentration, an enormous increase in the extensional viscosity was observed. Though
the maximum in both the shear-thickening and strain-hardening behaviors occurred at
the same optimal conditions, the magnitude of strain hardening was found to be
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approximately two orders of magnitude larger than the shear thickening. The extensional
strain-hardening mechanism is likely due to the polymer-particle bridging induced by
flow. The study of the effect of polymer molecular weight on strain-hardening behavior
showed a contrasting trend to shear-thickening behavior. The strain-hardening behavior
increased monotonically with increasing polymer molecular weight, as opposed to a maxi-
mum shear thickening at an optimum polymer molecular weight. This indicates the signifi-
cant role of polymer elasticity in the elongational behavior at higher polymer molecular
weight that predominates the hydrocluster mechanism in the shear-thickening behavior.
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