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In this letter, we present a new mechanism under the action of which a shear thickening suspension transitions
from a continuous to a discontinuous regime. This transition occurs by adding high concentrations of large
spheres to a continuous shear thickening suspension. We show that the solid volume fraction of the interstitial
shear thickening matrix is locally enhanced due to the presence of large particles and the excluded volume shells
surrounding the large particles. Thus leading to a continuous to discontinuous shear thickening transition at the

local scale.

Shear thickening is defined as a viscosity increase with in-
creasing applied shear stress or shear rate [1-3]. Shear thick-
ening suspensions are broadly found in nature and industry,
with applications in dampening and shock absorption, such
as found in armor composite material [4] and curved-surface
shear-thickening polishing [5]. Therefore, the understand-
ing and control of their rheological behavior would help in
solving the current problems or create opportunities for in-
novative technological ideas inspired by this behavior. The
thickening regime might be observed as a smooth increase
of the viscosity with the shear rate known as the Continu-
ous Shear Thickening (CST). It can also be observed as an
abrupt increase up to some degree of magnitude at a specific
shear rate, V. itical, known as Discontinuous Shear Thicken-
ing (DST). These two different thickening regimes are both
spectacularly observed in cornstarch suspension at different
cornstarch concentrations. The nature of shear thickening be-
havior has been debated for many years, but the theory of the
transition from a frictionless to a frictional state of the sus-
pension [6-9] has been recently validated by experimental re-
sults [10—15]. The shear thickening behavior is reported in the
mono-dispersed, bi-dispersed and polydispersed suspensions
[16—18] which are made of Brownian [1] or non-Brownian
[19] particles.

It has been shown that adding large particles to a fluid en-
hances both the effective viscosity of the bulk and the local
shear rate of the fluid phase. While the latter has no influence
on the viscosity of Newtonian suspending fluids, it strongly
influences the local apparent viscosity in the case of general-
ized Newtonian suspending fluids. A number of experimental
works have been carried out, see e.g., [16, 17, 20-27], to study
the bulk rheology of particles suspended in generalized New-
tonian suspending fluids following the power law or Herschel-
Bulkley models. The results show that the bulk rheology of
suspensions follow the rheology model of the interstitial sus-
pending fluids, but with a yield stress and a consistency that
increase with the solid volume fraction. This rheological en-
hancement is also observed when we add large particles to
a CST or a DST suspension, i.e., the apparent viscosity en-
hances and the onset of CST or DST advances [17, 18]. In
all of these scenarios, the rheological behavior of the system
(e.g., CST, DST or yield stress behavior) remains invariant af-
ter adding large particles to it. The homogenization approach

is adopted to formulate constitutive laws for suspensions of
non-Brownian particles in generalized Newtonian fluids [20].

In this paper, we show that adding large spheres to a CST
cornstarch suspension can lead to a transition from CST to
DST at high concentrations of large spheres. This transition
from one rheological behavior to another, i.e., the CST be-
havior to the DST behavior, cannot be explained by current
theories [20] and has not yet been reported experimentally.
We propose an underlying mechanism for this transition stem-
ming from geometrical constraints in bi-disperse suspensions,
the large particles introducing an unaccessible volume to corn-
starch grains resulting in a change of the local volume frac-
tion. This concept of excluded volume is thus shown here to
have a new application in non-Brownian suspensions, in addi-
tion to the various phenomena already evidenced in colloidal
systems where it is at the origin of entropic depletion interac-
tions [28], and has more generally an impact on the suspen-
sions structure. It leads to, e.g., isotropic to nematic transition
in suspensions of rods [29] and is used to direct particle self
assembly [30, 31] to design smart materials.

The system of study consists of large particles in a shear
thickening suspension made of cornstarch grains (73% amy-
lopectin and 27% amylose from Sigma Aldrich, USA) and an
aqueous solution, the micrograph is shown in Fig. 1b. The ir-
regular shaped cornstarch grains with a density of 1.68 g/ cm?
are in size range of 5 — 20 um with an average size of d.; =
15 pum (measured after analyzing a hundred of micrograph
images). The aqueous solution consists of 54 wr% Cesium
Chloride (Cabot high-purity grade from Sigma Aldrich, USA)
dissolved in distilled water solvent. The large particles are
polymethyl methacrylate (PMMA) spheres (Cospheric, USA)
coated with silver, providing a density of 1.34 g/cm? as close
as possible to the cornstarch suspension. We have used three
different sizes of large particles within diameter ranges of
45 —53 um, 106 — 125 pum and 125 — 135 um. These large
particles have respectively the following average diameter size
of d, =49 um, d, = 115.5 um and d,, = 130 pm. It should be
noted that the suspension of these large particles in an aqueous
solution, with concentration range used in this paper, do not
exhibit any shear thickening behavior. Therefore, our system
is a mixture of thickening (cornstarch) and non-thickening
(PMMA) particles. The cornstarch suspension with a volume
fraction ¢c, is prepared via @c; = Vig/(Ves + Vag), Where Vi,



V.4 are the volume of cornstarch grains and aqueous solution
respectively. Large particles are then added into this suspend-
ing medium with volume fraction ¢, =V,,/V;, where V), is the
volume of particles and V; is the total volume of the suspen-
sion as V; =V, + Vg + Vyy.

The rheologlcal experiments are performed using a DHR-3
rotational rheometer (TA Instruments). We use a parallel plate
geometry with a diameter of 2R = 40 mm and a rough pattern
of V-shaped grooves with a 90 deg angle, a height of 0.5 mm
and a width of 1 mm, see Fig. la. This geometry allows us
to avoid the wall slip effect. The gap between the plates is
h = 1.5 mm. We have checked our measurements to be in-
dependent of the gap size for 750 um < h <2500 um. We
also use a smooth parallel plate geometry with a diameter of
60 mm. This second geometry is used for the experiments per-
formed at various gap sizes to simulate the excluded volume
effect, explained later. The rheological measurements con-
sist of performing an increasing logarithmic shear rate ramp
and determining the shear stress 7, normal stress difference
N = N1 — N, and the viscosity 17. A sweep time of ¢t = 180
seconds and a resolution of 100 data/decade are chosen for
most of the experiments. Our measurements are consistent
and not affected by sedimentation and evaporation for a range
of sweep times between 120 s and 300 s. In addition, we have
checked that our measurements are reproducible. It is note-
worthy to mention that for each data point, we report the max-
imum values of shear rate ¥ = QR/h and stress T = 2C/nR>
occurring at the edge of the parallel plate geometry and we
subtract inertial thrust from N values [32].

©
FIG. 1: (a) Sketch of the parallel plate geometry exhibiting
the manufactured pattern. (b) Micrograph of silver-coated
PMMA particles (large black spheres) and cornstarch grains
(small grains). (c) Sketch of a large particle (large black
sphere) in cornstarch (small grains) suspension and the ex-
cluded volume shell surrounding it in the bi-dispersed system.

Fig. 2a & b show the rheometry results of 1 and N ver-
sus 7 for the suspension of cornstarch at various volume frac-
tions, 0.345 < ¢.s < 0.39. The cornstarch suspension exhibits
a CST behavior when ¢.; < 0.38 and transitions to a DST for
larger values of @.. This transition from the CST to DST is
accompanied by a change of sign in N. We add large parti-
cles with diameter size of d,, = 115.5 pm to two suspensions
of cornstarch with ¢.; = 0.30 (Fig.2 ¢ & d) and ¢, = 0.345
(Fig.2 e& f), which both initially exhibit CST behaviors. We
observe that as we increase the volume fraction of large par-
ticles, ¢, the viscosity of suspension increases and the onset
of CST expedites to the smaller values of shear rates. This en-
hancement in the thickening behavior is consistent with pre-
vious observations [16, 18] which is due to the change in the

relative viscosity and local shear rate owing to the fact that
large particles are not deformable [17, 25, 33]. Remarkably,
we observe that as we enlarge ¢, at certain values (¢, = 0.35
in Figs. 2¢c & d and ¢, = 0.20 in Figs. 2e & f) the rheology
transitions from one behavior to another, i.e., CST to DST,
identified by a jump in the viscosity (Fig. 2c & e) and the
change in the sign of N (Fig. 2d & f). Note that the data ob-
tained after the occurrence of DST are not reliable since frac-
turing and ejection of the material are observed at the edge of
the parallel plate geometry. This phenomenon cannot be ra-
tionalized by the previous framework [17, 25, 33]. The reason
is that large particles are not deformable which it only affects
the values of local shear rate. As we have shown in Fig. 2a &
b, transitioning from the CST to DST behavior is controlled
by the values of the cornstarch volume fraction and not the
shear rate. Therefore, adding large particles should result in a
mechanism under the action of which the volume fraction of
cornstarch, @, enhances. This leads to a drastic change of the
rheological behavior from the CST to DST.

Due to the presence of large particles in the cornstarch sus-
pension, the cornstarch grains cannot come closer than their
radius to the surface of the large particles (Fig. 1c). Therefore
there exist shells mostly composed of the aqueous solution
surrounding the large particles. As a result, the cornstarch
concentration locally decreases in these shells at the surface
of the large particles, which should be compensated by an in-
crease of @ elsewhere. This might lead to creating zones
with larger values of cornstarch concentration where the corn-
starch suspension goes into the DST regime. The effective
cornstarch concentration, denoted by ¢, in these regions can
be estimated via the following procedure. We estimate the vol-
umes of the aqueous shells as Vs = ¢,V; ((d) +des)® — dg)/d?,
and exclude it from the volume of the aqueous solution, which
is Vug = (1 — ¢es) (1 — ¢,)V;. This corrected aqueous solution
is denoted by V;, and used to calculate the effective cornstarch
concentration as ¢, = Ves/(Ves + V). This purely geomet-
rical mechanism, hereafter excluded volume effect, suggests
that excluding the volumes of shells from the total volume of
aqueous solution leads to an effective cornstarch volume frac-
tion ¢S, in our bi-dispersed system of suspensions. The ¢
depends on the bulk cornstarch volume fraction, ¢.s, the vol-
ume fractions of large particles and their sizes. We hypothe-
size that the value of ¢¢; determines the transition from CST
to DST. To test this hypothesis, we perform a series of exper-
iments based on an experimental matrix designed as follows.
First, we plot the colormap of ¢¢; in the plane of ¢.; and ¢,
for a fixed average size of large particles, e.g., d, = 115.5 um
in Fig. 3(a). Then, we overlap on this map the iso-line of
0% = 0.38 corresponding to the CST to DST transition for the
pure cornstarch suspension (as indicated in Fig. 2(a)). This
iso-line divides the colormap into two regions. Based on our
hypothesis, below the iso-line we should observe the CST be-
havior since @¢ < 0.38 while above the iso-line we should
observe the DST behavior since ¢, > 0.38. We perform a se-
ries of rheometry tests for a range of ¢, and ¢, to show that
our bi-dispersed system of suspension transitions from CST
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FIG. 2: Viscosity n (Pa.s) (left column of figure) and nor-
mal stress difference N (Pa) (right column of figure) vs shear
rate ¥(1/s) for: (a),(b) pure cornstarch suspensions at differ-
ent @5. (c),(d) mixtures of silver-coated PMMA particles,
dp = 115.51um, and a cornstarch suspension at ¢, = 0.30 for
different particle volume fraction ¢, exhibiting a transition
from CST to DST at ¢, = 0.35. (e),(f) mixtures of silver-
coated PMMA spheres, dj, = 115.5 m, and a cornstarch sus-
pension at ¢.; = 0.345 for different particle volume fraction
¢, exhibiting a transition from CST to DST at ¢, = 0.20.

to DST as soon as we pass the iso-line of ¢5 = 0.38. Fig.
3(b) shows a typical example of our results in the plane of
n vs 7. We start with the pure cornstarch suspension with
(9sss Pess 9p) = (0.345,0.345,0.00) and we map the proper-
ties of this suspension on the colormap in Fig. 3(a) denoted
by an open circle (1). The rheometry result associated with
this suspension is shown in Fig. 3(b), see curve (1). The sus-
pension exhibits the CST behavior when 7 2 100. We add
large particles into this pure cornstarch suspensions and per-
form the rheometry. We observe that when ¢S, < 0.38, e.g.,
suspensions shown by open circles (2), (3) & (4) in Fig. 3(a),
rheometry results indicate the CST behavior, see associated
rheometry curves (2), (3) & (4) in Fig. 3(b). However, for
those suspensions with ¢, > 0.20 the effective cornstarch vol-
ume fraction exceeds 0.38, see e.g., points (5), (6), (7), & (8)
shown by solid circle in Fig. 3(a), and consequently the sus-
pensions exhibit DST as shown by curve (5), (6), (7), & (8) in

Fig. 3(b). Although for all data points (1)-(8) the bulk volume
fraction of cornstarch is constant (¢.; = 0.345), the effective
cornstarch volume fraction varies and increases with ¢, lead-
ing to the DST behavior as it exceeds 0.38, i.e., the approxi-
mate critical volume fraction of pure cornstarch at which DST
occurs. It should be noted that in the calculations the excluded
volume is estimated for dilute cornstarch suspensions, and the
volume of water considered is likely exaggerated due to corn-
starch grains’ irregular shape and poly-dispersity . This esti-
mation thus probably gives us larger effective cornstarch con-
centration than the real number. Therefore, it explains why
transitions from CST to DST occur at ¢S, = 0.38 instead of
og = 0.37 (expected from the rheometry of pure cornstarch
suspension, Fig. 2(a) & (b)).

We have studied the rheological behavior of more suspen-
sions with different values of bulk cornstarch concentration in
the range of 0.28 < ¢, < 0.36, large particles’ volume frac-
tion in the range of 0 < ¢, < 0.4 and large particles average
diameter in the range of 49 um < d, < 130 um. Our results
show that for those suspensions with ¢¢;, < 0.38, shown as
open circles in Fig. 3(a) & (d), the rheology exhibits the CST,
while for those suspensions with ¢¢ > 0.38 shown as solid
circles in Fig. 3(a) & (d), the rheology exhibits the DST. The
rheometry results for some of these suspensions are shown in
Fig. 3(b), (¢), (e) & (f). We also performed the same ex-
periments with shear stress controlled ramps and we obtained
the same results. In addition, we performed the experiments
using large particles, made of PMMA without silver coating,
and the same transition was observed as well.

In order to further validate our analysis, we have studied
viscometric flows of a cornstarch suspension between two
smooth plates. The idea is to force the particle to adopt the
same structure close to the smooth plate as that close to the
surface of large particles. As we increase the volume fraction
of large particles in our system of suspensions, the value of
mean surface-to-surface distance of large particles decreases.
This results in confining the cornstarch suspensions, which it-
self enhances the excluded volume effect leading to a larger
¢f.. The same flow scenario can be created by decreasing the
gap between two parallel plates to confine the cornstarch sus-
pension. The excluded volume is expected to have increasing
importance as we decrease the gap, leading to a significant in-
crease of the effective cornstarch volume fraction away from
the parallel plate boundaries. Therefore, we expect a suspen-
sion, which initially exhibits the CST behavior, to transition
to DST as we decrease the gap. We note that the shear thick-
ening enhancement in CST colloidal suspension has already
been demonstrated by narrow gap Couette measurements [34]
and simulations [35]. However, there exists no study on the
novel phenomenon of transition from CST to DST due to the
confinement or equivalently excluded volume effect. The ex-
cluded volume in our rheometry tests includes the volume
of two cylindrical shells, V; = 27R?(d.,/2), each with a ra-
dius equal to that of the parallel plates and a height equal
to the mean radius of the cornstarch grain d,/2. Subtract-
ing Vi from the total amount of aqueous solution loaded be-
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FIG. 3: (a) Color map of effective cornstarch volume frac-
tion ¢Z in the plane of bulk cornstarch volume fraction ¢
and large particles volume fraction ¢, for d, = 115.5 um.
Black solid line corresponds to ¢S, = 0.38. The data points
are shown as open circles and solid circles, corresponding to
the experiments exhibiting CST and DST behavior, respec-
tively. The rheometry results are provided for those numbered
symbols in the following sub-figures: (b)Viscosity 1 (Pa.s)
and (c) normal stress difference N (Pa) vs shear rate y(1/s)
for the numbered experimental data in (a): d, = 115.5 um,
@cs = 0.345. (d) Color map of effective cornstarch volume
fraction ¢, in the plane of bulk cornstarch volume fraction,
dp and large particles, silver-coated PMMA, volume fraction
¢, for ¢.; = 0.345. Black solid line corresponds to ¢¢; = 0.38.
The data points are shown as open circles and solid circles,
corresponding to the experiments exhibiting CST and DST
behavior, respectively. The rheometry results are provided
for those numbered symbols in the following sub-figures:
(e)Viscosity 1 (Pa.s) and (f) normal stress difference N (Pa)
vs shear rate 7(1/s) for the numbered experimental data in
(d): dp = 130 um, ¢.s = 0.345

s

tween the gap gives us the effective cornstarch volume frac-
tion, @ = Ves/ (Ves +Vag = Vs) = Gesh/ (h— ds).

We perform rheometry tests on a CST cornstarch suspen-
sion, with ¢., = 0.345, sandwiched between smooth parallel
plates. We correct our results at very small gaps taking into
account the surface roughness and possible misalignments of
the parallel plates [32]. The results are shown in the plane
of n vs 7 in Fig. 4(a) and in the plane of N vs 7 in Fig.
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FIG. 4: (a) Viscosity 1 (Pa.s) and (b) normal stress difference
N (Pa) vs shear rate J(1/s) for different gap sizes i (um) with
a cornstarch suspension at @, = 0.345 exhibiting the transi-
tion from CST behavior to DST behavior at narrow gap sizes.
(c) Effective cornstarch volume fraction ¢S vs the gap size
h (um). The data points are shown as open and solid circles,
corresponding to the curves in (a) and (b) exhibiting CST and
DST behavior, respectively.

4(b). We observe that as the gap size is decreased, the CST
behavior enhances and at a gap size of & = 136.06 um the
cornstarch suspension transitions to the DST, which is accom-
panied by a discontinuous jump in 1 (Fig. 4(a)) as well as
the change of sign in N (Fig.4(b)). In these experiments, the
wall slip is negligible [36] considering small viscosity behav-
ior change at low shear rates when we decrease the gap size
from 1000 um to 200 um compared to the drastic change we
observe Fig. 4(c) shows the plot of ¢, vs & when ¢, = 0.345.
We also show in Fig. 4(c) the tests exhibiting CST by open
circles and the tests exhibiting DST by solid circles. Based on
our hypothesis, the transition to the DST should occur when
¢g = 0.38, which is at 1 = 163 pm. We observe that our re-
sults are in agreement with our hypothesis.

In this letter, we show that adding large particles to a shear
thickening suspension containing small grains might lead to
a drastic change in the rheological behaviors, i.e., transition-
ing from the CST to DST. This novel phenomenon is due to
the presence of geometrical constraints in bi-disperse systems.
More precisely, large particles displace centers of small parti-
cles and locate them at closest in a shell with a thickness of the
order of radius of small grains. This results in a variation of
the local volume fraction of the small grains, creating zones
with the larger concentration that might undergo a DST be-
havior. As the result of this effect, controlling variables of d,,,
¢p and ¢, in a suspension would be a promising method to
engineer a suspension with desired shear thickening response
based on the calculated effective cornstarch volume fraction.
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