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Abstract A filament-stretching rheometer is used to
measure the extensional viscosity of a shear-thickening
suspension of cornstarch in water. The experiments are
performed at a concentration of 55 wt.%. The shear
rheology of these suspensions demonstrates a strong
shear-thickening behavior. The extensional rheology of
the suspensions demonstrates a Newtonian response at
low extension rates. At moderate strain rates, the fluid
strain hardens. The speed of the strain hardening and
the extensional viscosity achieved increase quickly with
increasing extension rate. Above a critical extension
rate, the extensional viscosity goes through a maximum
and the fluid filaments fail through a brittle fracture
at a constant tensile stress. The glassy response of the
suspension is likely the result of jamming of particles or
clusters of particles at these high extension rates. This
same mechanism is responsible for the shear thicken-
ing of these suspensions. In capillary breakup exten-
sional rheometry, measurement of these suspensions
demonstrates a divergence in the extensional viscosity
as the fluid stops draining after a modest strain is
accumulated.

Keywords Suspension · Thixotropy ·
Extensional flow · Elongational flow ·
Shear thickening

E. E. Bischoff White · M. Chellamuthu · J. P. Rothstein (B)
Department of Mechanical and Industrial Engineering,
University of Massachusetts, Amherst, MA 01003, USA
e-mail: rothstein@ecs.umass.edu

Introduction

The rheology and flow of colloidal suspensions has
been a topic of great interest since Einstein’s seminal
work (Einstein 1906, 1911). Einstein showed that, in
the dilute limit, the addition of spherical particles to
a Newtonian solvent results in a first-order correction
to the fluid viscosity η = ηs (1 + 2.5φ) where φ is the
particle concentration and ηs is the viscosity of the sus-
pending fluid (Einstein 1906, 1911; Happel and Brenner
1965). As the concentration is increased beyond the
dilute limit, particle–particle interactions can produce
long-range order which can result in non-Newtonian
effects such as shear thinning or shear thickening of
the fluid viscosity, the generation of nonzero normal
stresses, and even the appearance of a yield stress at
concentrations near maximum packing (Jeffreys and
Acrivos 1976; Larson 1999). In this paper, we will focus
on concentrated dilatant dispersions for which shear
thickening has been observed.

The early investigations of shear-thickening systems
were motivated by the need to mitigate the damage that
the shear-thickening transition can have on processing
equipment, to understand the flow of slurries, and to
improve coating quality (Bender and Wagner 1996).
Shear-thickening fluids are currently being utilized in
a number of commercial applications including use
in machine mounts, damping devices, and limited slip
differentials (Helber et al. 1990; Laun et al. 1991).
Additionally, it has recently been demonstrated that
shear-thickening fluids, when incorporated into Kevlar
vests and subjected to high-velocity projectiles, can dra-
matically improve both the performance and flexibility
of the body armor (Lee et al. 2003).
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The physical mechanism of shear thickening has
been generally well understood for some time. Perhaps
the best known example of shear thickening in the
literature is the pioneering work of Hoffman (1972)
who studied 1-μm diameter polyvinyl chloride (PVC)
particles over a range of concentrations. Above a vol-
ume fraction of approximately φ > 1.5, the suspensions
demonstrated a discontinuity in their shear viscosity
at a critical shear rate that decreased with increasing
concentration. Hoffman (1972) was the first to couple
shear-thickening rheological measurements with mi-
crostructural information obtained through light dif-
fraction measurements. Below the critical shear rate,
he observed diffraction patterns consistent with a two-
dimensional hexagonal lattice of spheres. Hoffman
(1972, 1974) interpreted this as particles forming and
moving past each other in highly ordered layers; a
theory that was first postulated by Reiner (1949). These
fluids are often called dilatant because in order for
the layers of particles to slide past each other they
must first expand in the gradient direction (Pryce-Jones
1941). Thus, confinement can have a big effect on the
response of these fluids in shear (Fall et al. 2008).
Above the critical shear rate, Hoffman (1972, 1974)
observed a diffuse diffraction pattern, suggesting that,
at high shear rates, the particles move in a disordered
way.

Over the last 30 years, a number of research groups
have used a combination of numerical simulations and
careful experiments to study the validity of the order-
to-disorder transition first proposed by Hoffman as
the source of shear thickening in concentrated sus-
pensions. Recent experimental studies (Bender and
Wagner 1996; Catherall et al. 2000; Fagan and Zukoski
1997; Laun et al. 1992; Maranzano and Wagner 2001)
have shown that shear thickening can occur without
a shear-induced order-to-disorder transition. Through
measurements of rheology, turbidity, and small-angle
neutron scattering under flow, Bender and Wagner
(1996) showed that shear thickening occurs when
attractive hydrodynamic shear forces overcome the
Brownian repulsive forces in hard-sphere suspensions.
They concluded that shear thickening results from
a transition from a shear-induced ordered structure
to the state of hydrodynamic clustering. Their mea-
surements were consistent with the measurements of
Barnes (1989) and the Stokesian dynamics simulations
of Bossis and Brady (1984, 1989) which demonstrated
that suspensions shear thicken at high Peclét num-
bers due to the formation of large clusters. At high
concentrations, the shear-thickening transition can be
discontinuous, which is likely the result of aggregates of

clusters forming a jammed network (Cates et al. 1998;
Farr et al. 1997).

Unlike the shear rheology of shear-thickening sus-
pensions, which have been studied quite extensively,
the extensional rheology of concentrated suspensions
has been studied with significantly less scrutiny. The
first reference to the behavior of concentrated suspen-
sions in extensional flows dates back to Pryce-Jones
(1941) who observed that dilatancy was an essential
property for insuring spinnability in suspensions, al-
though no quantitative data were presented. Despite
this early observation, it was not until the 1970s that ex-
tensional viscosity measurements of suspensions were
made (Kizior and Seyer 1974; Mewis and Metzner 1974;
Takserman-Krozer and Ziabicki 1963). These exper-
iments focused on dilute shear-thinning suspensions
of rigid rods of different aspect ratios with Trouton
ratios of greater than Tr = ηE/η > 250 achieved for the
highest aspect ratio and concentration of fibers. Here, η
and ηE are the shear and extensional viscosity of the
suspension, respectively. The experimental extensional
viscosity measurements were in good agreement with
theoretical predictions of Batchelor (1971). A number
of more recent studies have looked at the extensional
viscosity of fiber suspensions in both Newtonian (Ma
et al. 2008; Xu et al. 2005) and viscoelastic solvents
(Férec et al. 2009; Metzner 1985).

More recently, Chellamuthu et al. (2009) investi-
gated the extensional rheology of a shear-thickening
fumed silica nanoparticle suspension using a filament-
stretching rheometer. Below a critical extension rate,
their measurements showed little strain hardening. At
a critical extension rate, however, Chellamuthu et al.
(2009) observed a dramatic increase in the rate and
extent of strain hardening of the extensional viscosity
similar to the thickening transition observed in shear.
Light scattering measurements showed that the exten-
sional hardening was due to the alignment of nanopar-
ticles and the formation of long strings of aggregates in
the flow. The fumed silica particles used in their study
had a fractal chain-like structure (Raghavan and Khan
1997). One question this current study hopes to answer
is whether extensional hardening can also be achieved
in symmetric or nearly symmetric particles that exhibit
shear thickening.

In this paper, the shear and extensional rheology of
a suspension of 55 wt.% cornstarch and water are ex-
plored. Shear rheology measurements were performed
to study the shear-thickening behavior of the suspen-
sion. A filament-stretching rheometer was then em-
ployed to study the effect of extension rate on the
extensional viscosity of the suspension. Finally, capil-
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lary breakup extensional rheology measurements were
used to examine the dynamics of the flow leading up
to the brittle filament failure observed during filament
stretching.

Experimental methods

Sample preparation

A suspension of cornstarch (Argo) in water was pre-
pared at a concentration of 55 wt.%. This corresponds
to a volume fraction of φ = 35.5% assuming a density
of 1,550 kg/m3 (Yang et al. 2005). As seen in Fig. 1,
the cornstarch particles are polydisperse in size ranging
from 5 to 15 μm in diameter with a facetted shape that
is approximately spherical. This weight fraction was
chosen to insure shear-thickening behavior while main-
taining a workable solution. A number of much lower
concentration samples were mixed; however, their ex-
tensional viscosity was too small to be measured by
our filament-stretching rheometer. The samples were
initially mixed by hand and then for a period of 15 min
using a sonicator (Branson 2510) in order to obtain
a uniform distribution of cornstarch particles within
the suspension and to insure the particles where not
aggregated.

Filament-stretching extensional rheometry

A filament-stretching extensional rheometer (FiSER),
capable of imposing a homogeneous uniaxial extension
on a fluid filament placed between its two endplates,
was used to make simultaneous measurements of the

Fig. 1 Micrograph of cornstarch particles

evolution in the force and the midpoint radius. A com-
plete description of the design and operating space of
the filament-stretching rheometer used in these experi-
ments can be found in Rothstein (2003) and Rothstein
and McKinley (2002a, b) and a more detailed history
of the technique can be found in the papers by the
McKinley and Sridhar groups (Anna et al. 2001;
McKinley and Sridhar 2002; Tirtaatmadja and Sridhar
1993).

The goal of extensional rheometry is to produce a
motion of the two endplates such that the resulting
extension rate imposed on the fluid filament:

ε̇ = − 2

Rmid (t)
dRmid (t)

dt
(1)

is constant. The deformation imposed upon the fluid
filament can be described in terms of a Hencky strain
ε = −2 ln (Rmid/R0) where R0 is the initial midpoint
radius of the fluid filament. The elastic tensile stress dif-
ference generated within the filament can be calculated
from the algebraic sum of the total force measured
by the load cell, Fz, if the weight of the fluid and the
surface tension are taken into account while ignoring
inertial effects (Szabo 1997):
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where L0 is the initial endplate separation, σ is the
equilibrium surface tension of the fluid, and ρ is the
density of the fluid. The extensional viscosity may be
extracted from the principle elastic tensile stress and is
often nondimensionalized as a Trouton ratio:

η+
E = 〈τzz − τrr〉 /ε̇ (3)

where η+
E is the transient extensional viscosity and η0 is

the zero shear rate viscosity of the fluid.

Capillary breakup extensional rheometry

Capillary breakup extensional rheometry (CaBER)
measurements have become an increasingly common
technique for determining the extensional rheology
of the less-concentrated and less-viscous fluids (Anna
and McKinley 2001; Bazilevsky et al. 1990; Clasen
et al. 2006; Entov and Hinch 1997; Kojic et al. 2006;
McKinley and Tripathi 2000; Plog et al. 2005; Rodd
et al. 2005; Stelter et al. 2000; Yesilata et al. 2006). The
CaBER measurements presented here were performed
using the filament-stretching rheometer described in
the previous section. In all of the CaBER experiments
presented here, an initial nearly cylindrical fluid sample
is placed between two cylindrical plates and stretched
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with an exponential profile, L = L0 exp (ε̇0t), at a con-
stant extension rate ε̇0 = 0.2 s−1 from an initial length
of L0 = 2.5 mm to a final length of L f = 5 mm. The
stretch is then stopped and the capillary thinning of
the liquid bridge formed between the two endplates
produces a uniaxial extensional flow that can be used
to measure an apparent extensional viscosity of the test
fluid. For these experiments, the stretch rates were cho-
sen such that they were much greater than the inverse
time scale for capillary drainage of the liquid bridge,
ε̇ >> σ/η0 R0, but slow enough that extensional thick-
ening would not occur during the initial step-stretch.

The breakup of the fluid filament is driven by cap-
illary stresses and resisted by the extensional stresses
developed within the flow. The extensional viscosity
of a complex liquid solution can be determined by
measuring the change in the filament diameter as a
function of time. Papageorgiou (1995) showed that,
for a Newtonian fluid of extensional viscosity ηE, the
radius of the fluid filament will decay linearly with
time, Rmid (t) ∝ (tb − t)

/
ηE, to the final breakup at tb .

Conversely, Entov and Hinch (1997) showed that, for a
viscoelastic Oldroyd-B fluid with an extensional relax-
ation time λE, the radius will decay exponentially with
time, Rmid (t) ∝ exp (−t/3λE).

For a Newtonian fluid, the extension rate given by
Eq. 1 will increase linearly with time, while for an ideal
viscoelastic fluid, the extension rate is constant. For a
number of less-ideal fluids, the extension rate achieved
in the fluid filament can vary quite significantly with
time (Miller et al. 2009; Tripathi et al. 2000). The
evolution of an apparent extensional viscosity with this
extension rate profile can be calculated by applying a
force balance between capillary stresses and the viscous
and elastic tensile stresses within the fluid filament
(Anna and McKinley 2001):

ηE = σ/Rmid (t)
ε̇ (t)

= −σ

dDmid/dt
. (4)

To calculate the apparent extensional viscosity, the
diameter measurements are carefully fit with a spline
and then differentiated numerically (Miller 2007).

Results and discussion

High-concentration suspensions of cornstarch and wa-
ter are well known to shear thicken in both steady
and oscillatory shear flows (Fall et al. 2008; Merkt
et al. 2004). Owing to their low cost and the ease of
acquisition, this property of cornstarch and water solu-
tions has made it a favorite in classrooms for demon-

1E-3 0.01 0.1 1 10 100
0.1

1

10

V
is

co
si

ty
 [

P
a 

s]

Shear Rate [s-1]

Fig. 2 Steady-shear rheology of 55 wt.% cornstarch in water
suspension

strating non-Newtonian fluid behavior. In Fig. 2, the
steady shear rate viscosity is presented as a function
of shear rate for our 55 wt.% suspension of corn-
starch in water. The shear rheology of the suspensions
was characterized using a stress-controlled rheometer
(TA instruments, AR2000) with 40-mm parallel-plate
geometry and a 1-mm gap. At low shear rates, the
viscosity initially decreased with increasing shear rate.
At a critical shear rate of approximately γ̇crit

∼= 8 s−1,
the viscosity increased quickly with increasing shear
rate. The magnitude of shear thickening saturated at a
maximum shear viscosity of approximately η ∼= 20 Pa·s;
however, it is unclear if the flow is still viscometric at
this point or if this plateau is due to slip or failure of the
fluid within the parallel-plate rheometer.

The filament-stretching rheometer was used to con-
duct a series of stretches over a wide range of exten-
sion rates. All experiments were performed with an
initial aspect ratio of Λ = L0/R0 = 1.0. Although this
is the standard for filament-stretching measurements,
the choice of aspect ratio can have a profound effect
on one’s ability to achieve a homogenous extensional
flow everywhere within the fluid filament (Yao and
Spiegelberg 2000). In filament stretching, a shear flow
occurs near the two endplates during the early stages
of the experiment. The strength of this flow and its
influence on the resulting extensional viscosity mea-
surements has been shown to decrease with increasing
aspect ratio (McKinley and Sridhar 2002; Spiegelberg
and McKinley 1996). Using a lubrication analysis valid
in the limit of small aspect ratios, Spiegelberg and
McKinley (1996) showed that the shear rate in the flow
between the two plates is proportional to γ̇ ∝ ε̇/Λ2.
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Ideally, an aspect ratio much greater than one is de-
sirable to eliminate any effects of shear from the ex-
tensional measurements; however, due to gravitational
sagging, aspect ratios greater than one are not exper-
imentally obtainable (Anna et al. 2001). This is es-
pecially important for shear-thickening fluids like the
cornstarch and water solutions used here where, if
the initial shear rate is too large, the suspension can
transition from a fluid to a glassy system as the parti-
cles or clusters of particles jam during the start of the
stretch before a homogeneous extensional flow can be
achieved.

To work around this experimental limitation, a test
protocol was incorporated which consisted of two dis-
tinct stretching phases (Sridhar et al. 2000). The first
stretch phase was performed at an extension rate of
ε̇ = 0.20 s−1 to a final Hencky strain of ε = 0.5 in order
to form a preliminary fluid filament of a higher aspect
ratio. Upon completion of the first phase, a second
much faster stretch rate between 0.3 s−1 < ε̇ < 7 s−1

was immediately imposed and continued until the fil-
ament failed. This experimental protocol is akin to a
preshear step often imposed prior to shear rheology
measurements. The initial stretch was performed at
an extension rate well below the onset of extensional
thickening where the fluid exhibits a Newtonian re-
sponse and allowed a fluid filament to develop with
limited shearing and little effect on the response of
the fluid during the second phase of the stretch. Af-
ter the initial stretch, the second phase of the stretch
was essentially imposed on a filament with an aspect
ratio of Λ = 2.6, thus reducing the shear rate near
the endplates by a factor of nearly seven. A series of
different initial stretch rates and strains were studied
in order to optimize the test protocol. Changes to the
initial strain rate below ε̇ ≤ 0.20 s−1 for a given initial
strain were found to have no appreciable effect on
the extensional rheology measured during the second
phase of stretch. However, there is a lower limit to the
initial strain rate below which the filament fails under
capillary drainage before the higher extension rate can
be imposed. The final strain of the initial stretch was
chosen to be as large as possible without encountering
capillary drainage effects. This protocol was used for
all of the FiSER experiments presented in this paper
so that all the filaments experienced the same initial
flow history. All of the extensional viscosity and strain
measurements are reported for the second phase of the
stretch only.

In Fig. 3a, a representative plot of diameter decay
as a function of time is presented for a series of exten-
sion rates varying from ε̇ = 0.30 s−1 to ε̇ = 2.0 s−1. The
linear decay of the diameter with time on the semilog
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Fig. 3 Transient extensional rheology measurements of 55 wt.%
cornstarch in water including a the diameter decay as a function
of time and b the extensional viscosity as a function of accu-
mulated Hencky strain. The data include stretches performed
at extension rates of � ε̇ = 0.3 s−1, ◦ ε̇ = 0.5 s−1, � ε̇ = 0.6 s−1,
♦ ε̇ = 0.9 s−1, � ε̇ = 2.0 s−1, and � ε̇ = 4.0 s−1

plot in Fig. 3a demonstrates that, by using the iterative
method of Orr and Sridhar (1999), a constant extension
rate is achieved. Unfortunately, this method cannot
maintain a constant extension rate during filament fail-
ure which can be quite dramatic for these cornstarch
and water solutions. The filament failure can be seen in
Fig. 3a where the diameter data deviates from a linear
decay at the end of the higher extension rate experi-
ments. Just prior to the onset of filament failure, the
extensional viscosity tends to go through a maximum.
To avoid the difficulty of interpreting the extensional
rheology data after the onset of filament failure where
the extension rate is no longer constant, the extensional
viscosity data in Fig. 3b are only reported up to the
point of the maximum extensional viscosity. Bach et al.
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(2003) and Rasmussen et al. (2005) have shown that,
if one uses a closed-loop feedback control algorithm
rather than the iterative Orr–Sridhar method, that data
can be collected at a constant extension rate even
beyond the maximum in the extensional viscosity as
the filament begins to fail. An attempt was made to
implement a similar scheme in our filament-stretching
rheometer; however, the dynamics for these low viscos-
ity systems were too fast for us to control satisfactorily.
Such a control scheme appears to be more applicable to
higher-viscosity fluids like polymer melts.

In Fig. 3b, a representative plot of the extensional
viscosity as a function of accumulated Hencky strain is
presented for a series of extension rates varying from
ε̇ = 0.30 s−1 to ε̇ = 4.0 s−1. Below an extension rate of
ε̇ < 0.30 s−1, the force exerted on the endplates was be-
low the resolution of the 10-g force transducer. As seen
in all of Fig. 3b, no strain hardening is observed at low
strain rates. Although a clear zero shear rate viscosity
was not observed in the shear rheology, based on an
approximate zero shear rate viscosity of η0 ≈ 30 Pa s,
a Newtonian response of Tr = 3 should result in an
extensional viscosity of ηE ≈ 100 Pa s. This is consistent

Fig. 4 High-speed images of 55 wt.% cornstarch in water suspen-
sion being stretched. The images demonstrate a the Newtonian
response of the fluid filament at a low extension rate of ε̇ =
0.3 s−1, b the strain-hardening response at a moderate extension
rate of ε̇ = 0.9 s−1, and c the solid-like brittle fracture of the fluid
filament at a large extension rate of ε̇ = 1.5 s−1

with the low extension rate measurements presented
in Fig. 3b. In this regime, a steady-state value of the
extensional rheology is achieved which is essentially
insensitive to changes in extension rate. As shown in
the high-speed image in Fig. 4a, the fluid filament drains
and eventually fails through capillary-driven pinch off
after significant deformation.

Above an extension rate of ε̇ > 0.30 s−1, but below
an extension rate of ε̇ < 1.0 s−1, the fluid begins to
strain harden and the extensional viscosity begins to
increase with increasing extension rate. As was seen
previously for suspensions of shear-thickening fumed
silica particles (Chellamuthu et al. 2009), the speed and
magnitude of the strain hardening increases remark-
ably quickly with extension rate. Because the exten-
sional viscosity did not always reach steady state before
the end of the stretch, the maximum value of the ex-
tensional viscosity is presented in Fig. 5 as a function of
extension rate. The extensional viscosity for the corn-
starch in water suspensions shows a sharp extensional
thickening transition which is very similar in magnitude
and form to the shear-thickening transition observed
in steady shear flows. As seen in Fig. 4b, this region is
characterized by the formation of long elastic fluid fila-
ments similar to those observed in filament-stretching
measurements of polymeric fluids and worm-like mi-
celle solutions (Chen and Rothstein 2004; McKinley
and Sridhar 2002). At these extension rates, the fila-
ment tends to fail through a pinch off near the bottom
endplate after a modest strain had been accumulated.
At these transitional extension rates, the total accu-
mulated Hencky strain and the extensional viscosity
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Fig. 5 Maximum extensional viscosity achieved before filament
failure for a 55 wt.% cornstarch in water suspension
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measured at filament failure fluctuate significantly. This
accounts for the large error bars on the steady-state
extensional viscosity measurements shown in Fig. 5 and
the tensile stress measurements presented in Fig. 6. The
data points in Figs. 5 and 6 represent an average value
taken from as many as seven and as few as four inde-
pendent experiments on fresh samples. The error bars
represent the certainty of the data to 95% confidence.

Above a critical extension rate of ε̇ > 1.0 s−1, the
maximum extensional viscosity goes through a maxi-
mum and begins to decrease with increasing extension
rate. Within this region, the fluid exhibits a glassy be-
havior. As seen in Fig. 4c, the fluid fails through a brittle
fracture reminiscent of solid failure under extensional
loadings well before a steady-state extensional viscosity
can be reached. Similar filament failures have been
observed for heavily cross-linked rubbers and even
linear polymer deformed under very high extension
rates (Joshi and Denn 2004; Malkin and Petrie 1997;
Renardy 2004; Vinogradov et al. 1975). As was ob-
served by a number of researchers in the past (Malkin
and Petrie 1997), at very high extension rates, the fluid
filaments experience very little strain before rupture.
However, unlike the work of Vinogradov et al. (1975)
who worked with polystyrene and PVC, the ultimate
strength (or stress at failure) of the cornstarch and
water suspensions does not decrease with increasing
extension rate. Instead, Fig. 6 shows that the ultimate
strength levels off above ε̇ > 1.0 s−1 and the brittle
failure of the fluid filament appears to occur at a
critical tensile stress difference of approximately
(τzz − τrr)c

∼= 15, 000 Pa. The constant ultimate strength
is consistent with the measurements of Smith (1958)
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Fig. 6 Maximum tensile stress measured before filament failure
in extensional flow for a 55 wt.% cornstarch in water suspension

who studied GR-S rubbers. This constant value of ten-
sile stress at filament failure accounts for the steady
decrease of the extensional viscosity with increasing ex-
tension rate observed in Fig. 5. Given a constant tensile
stress, Eq. 3 dictates that the extensional viscosity in the
glassy region should decrease as ηE ∝ ε̇−1 in this glass-
like zone. These observations suggests that the physical
mechanism for the sharp extensional thickening tran-
sition is the same as it is in shear; namely, particle or
clusters of particles forming a jammed interconnected
network.

These extensional rheology results are similar to the
recent measurements of shear-thickening fumed silica
nanoparticle suspensions (Chellamuthu et al. 2009).
However, unlike the cornstarch in water suspensions,
the nanoparticle suspensions did not exhibit a glassy
response at high extension rates. The nanoparticle sus-
pensions achieved a steady-state extensional viscosity
for all extension rates tested and failed not through a
brittle fracture, but through ductile elastocapillary fail-
ure of the fluid filament. These observations, coupled
with the light scattering measurements of Chellamuthu
et al. (2009), suggest that the extensional thickening for
the nanoparticle suspensions was not due to particle or
cluster jamming, but rather due to the formation of long
string-like clusters of nanoparticles aligned in the flow
direction.

It is interesting to note that, although the mechanism
for shear and extensional thickening appear to be the
same, the extensional thickening occurs at rates that
are at least one order of magnitude less than in shear.
Thus, extensional flow appears to be more effective at
jamming these suspensions than shear flow. This obser-
vation may be surprising at first because a strong exten-
sional flow might be expected to break down weakly
aggregated structures. However, the relative rheolog-
ical enhancement in extensional flows compared to
shear flows might be attributable to the lack of rota-
tion in extensional flow which could be responsible for
slowing the formation or even breaking down clusters
of particles in shear flows. Another possibility is that
the compressive flow in the radial direction may locally
increase the packing of the cornstarch particles before
they are stretched axially, making it easier for the par-
ticles to jam.

To investigate the jamming transition further, a se-
ries of measurements were made using CaBER. The
advantage of this technique, as opposed to FiSER, is
that the extensional flow is self-driven and not imposed.
Thus, the fluid is not expected to fail through a brittle
fracture, but should drain completely thus giving us ac-
cess to the response of the fluid at much larger Hencky
strains. However, as one can observe in the diameter
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decay of the cornstarch in water suspension presented
in Fig. 7, the expected result was not achieved. The
initial decay of the diameter is inversely proportional
to time and thus follows a Newtonian response as de-
scribed by Papageorgiou (1995). However, after about
one half of a second, a knee is observed in the diameter
data. At this point, the evolution of the diameter with
time slows down to the point that the filament ap-
pears to have frozen. Thus, even under capillary-driven
drainage, these cornstarch and water systems jam. If
this were a FiSER experiment, the filament would fail
at this point; however, for the CaBER experiment, the
filament simply stops evolving. A close inspection of the
data reveals that the filament is not completely frozen,
but is still evolving with time, albeit very slowly with
time. There are examples in the literature where similar
CaBER responses were observed. Tripathi et al. (2000)
showed that, for polymer solutions where the solvent
was extremely volatile, that evaporation could cause
the fluid to solidify before the filament had completely
drained. In our case, the evaporation rate of water
over the course of the CaBER experiment is very small
and the observations are more likely the result of the
jamming of cornstarch particles or clusters of particles
in the suspension.

A spline was fit to the diameter data and then differ-
entiated with time in order to calculate the evolution
of the strain, strain rate, and extensional viscosity from
Eq. 4. The extensional viscosity is plotted against ac-
cumulated strain in Fig. 8a and against extension rate
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Fig. 7 Diameter decay measurements for a CaBER measure-
ment of a 55 wt.% cornstarch in water suspension. The spline
used to fit the data and calculate the extensional viscosity, thick
line, is superimposed on top of the experimental data, ◦
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Fig. 8 Extensional viscosity measurements as a function of
a Hencky strain and b resulting strain rate for the CaBER
measurement of a 55 wt.% cornstarch in water suspension

in Fig. 8b. At small strains, the extensional viscosity
is found to be approximately ηE ≈ 100 Pa s which is
again approximately the expected Newtonian response
of Tr = 3. As the strain approaches ε = 0.425, the ex-
tensional viscosity diverges, reaching a maximum value
of approximately ηmax ≈ 16,000 Pa s. It is important to
note that the exact value of this maximum is sensitive
to the precise form of the spline used to fit the diam-
eter decay. This maximum agrees quite well with the
maximum value of the extensional viscosity measured
through FiSER. If we evaluate the extensional viscosity
as a function of strain rate, we find that the transition
from Newtonian response to jamming occurs at around
an extension rate of ε̇ > 1.4 s−1 which also agrees quite
well with the FiSER results.
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Conclusion

The extensional properties of a shear-thickening corn-
starch in water suspension were studied using both
filament stretching and capillary breakup rheometry.
The shear rheology of a series of the 55 wt.% cornstarch
in water suspension demonstrated a shear-thinning be-
havior at low strain rates and shear-thickening transi-
tion at high shear rates. The shear thickening in these
systems is likely due to the formation of large clusters
of particles that form interconnected jammed network
under high shear rates. These observations are consis-
tent with previous work involving similar systems in the
literature.

A series of extensional rheology measurements were
performed using a filament-stretching rheometer. At
low extension rates, the fluid exhibited a Newtonian
response with an extensional viscosity equal to three
times the zero shear rate viscosity. At moderate ex-
tension rates, the fluid demonstrated modest strain
hardening and the formation of long coherent fluid
filaments. However, at a critical extension rate, a dra-
matic increase in both the rate and magnitude of the
strain hardening was observed with increasing exten-
sional rate. This observed extensional thickening of
the steady-state or maximum extensional viscosity was
similar in form to the shear-thickening response. At
these high extension rates, the fluid filament did not fail
through an elastocapillary necking, but rather through
a brittle failure. This glassy fracture was found to occur
at a constant value of extensional stress, independent of
the imposed extension rate. These observations would
suggest that, like in shear, the dramatic increase in
strain hardening is most likely due to the aggregation
of particles or clusters of particles to form an intercon-
nected jammed network across the fluid filament with a
finite ultimate strength.

These observations were further reinforced by
CaBER measurements. Under capillary breakup, the
resulting extensional flow is self-driven and not im-
posed, making it possible to observe the extensional
viscosity in the absence of the brittle filament failures
observed using FiSER. The diameter of the fluid fil-
ament was initially observed to decay quite quickly.
However, at a modest strain, an abrupt deceleration of
the diameter decay was observed, leading to the even-
tual cessation of the flow and a divergence of the ex-
tensional viscosity. These observations again reinforce
the argument that the extensional thickening and brittle
failure of the fluid filament is the result of jamming
of the cornstarch particles under strong extensional
flows.
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