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CONDENSED MATTER PHYSICS

Density waves in shear-thickening suspensions

Guillaume Ovarlez'*, Anh Vu Nguyen Le?!, Wilbert J. Smit*!, Abdoulaye Fall*', Romain Mari*',

Guillaume Chatté*?, Annie Colin?*

Shear thickening corresponds to an increase of the viscosity as a function of the shear rate. It is observed in many
concentrated suspensions in nature and industry: water or oil saturated sediments, crystal-bearing magma, fresh
concrete, silica suspensions, and cornstarch mixtures. Here, we reveal how shear-thickening suspensions flow,
shedding light onto as yet non-understood complex dynamics reported in the literature. When shear thickening
is important, we show the existence of density fluctuations that appear as periodic waves moving in the direction
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of flow and breaking azimuthal symmetry. They come with strong normal stress fluctuations of the same periodicity.
The flow includes small areas of normal stresses of the order of tens of kilopascals and areas of normal stresses of
the order of hundreds of pascals. These stress inhomogeneities could play an important role in the damage caused

by thickening fluids in the industry.

INTRODUCTION

Complex fluids, such as gels, emulsions, polymers, granular media,
and suspensions, are multiphasic materials characterized by a non-
linear macroscopic behavior (1), which is central in their use. For ex-
ample, the shear thinning (decrease of viscosity with the shear rate)
promotes the pumping of complex fluids; the yield stress (below
which they have a solid-like behavior) of concentrated emulsions fa-
vors their use in stable cosmetic creams. Shear thickening, which cor-
responds to an increase of the viscosity as a function of the shear rate
(2), is observed in many concentrated suspensions in nature and in-
dustry (3): water or oil saturated sediments, muds, crystal-bearing
magma, fresh concrete, silica suspensions, corn flour mixtures, and
latex suspensions. Industrially, this can have disastrous effects by
damaging mixer blades or clogging pipes.

Although their compositions are diverse, complex fluids all have
a structure characterized by a mesoscopic size (1). Flow-structure
coupling then leads to their non-Newtonian behavior, as well as to
original instabilities occurring at low Reynolds number (1). They
have thus aroused the physicists’ interest as fascinating systems to
study phase transitions (4). When the characteristic time of the flow
is smaller than the characteristic structural relaxation time of the
material, a phase with a new structure is created. This shear-induced
phase usually has a different viscosity than the material quiescent
phase. Under homogeneous drive, there are conditions in which both
phases can coexist adjacent in space at the same time, and inhomo-
geneous flow is expected.

For shear-thinning materials, such as colloidal gels and worm-
like micelles, the situation is well documented (5). Colloidal gels can
either be a solid-like percolated particle network or a liquid-like sus-
pension of independent aggregates (6). Wormlike micelles at rest are
in an isotropic phase and can transition to a nematic phase under
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shear (7). The signature of the shear-induced transition is a stress
plateau in the shear stress versus shear rate flow curve. When the mac-
roscopic shear rate (typically defined between two infinite plates as the
ratio between the plates relative velocity and the distance between them)
is imposed in a homogeneous stress field, this comes with a shear-banding
transition: two layers of different shear rates oriented along the flow
gradient coexist (8), with a relative size tuned by the value of the mac-
roscopic shear rate. In some cases, this banded flow becomes unstable
toward perturbations in the vorticity direction, giving rise to complex
spatiotemporal response, although this might not correspond to phase
transitions in the vorticity direction (9).

For non-Brownian shear-thickening suspensions, the description
of the dynamics and of the structure of the flow during the shear-
thickening transition is still unknown. As regard the structural tran-
sition experienced by the material, it has only recently been elucidated
and described as a transition between lubricated and frictional particle
contacts. If short-range repulsive forces exist between the particles,
the contacts are lubricated at low shear rate. At high shear rate, high
normal stresses are developed, the repulsive forces are overcome, and
the contacts are frictional leading to an increase of the viscosity (10-18).
When strong, this effect creates a discontinuous transition that comes
with complex temporal fluctuations of the macroscopic shear rate under
constant applied shear stress (19). The signature of discontinuous shear
thickening (DST) is a constant shear rate (i.e., a vertical plateau) in
the shear stress versus shear rate flow curve, which contrasts with the
case of micellar solutions and colloidal gels. Previously unknown flow
inhomogeneities are then expected theoretically to develop. At imposed
macroscopic shear stress, the system should separate into bands of
different stress (but same shear rate) in the vorticity direction or of
different solid fraction in the gradient direction. However, normal
stress balance across the interface between bands prevents the existence
of steady bands (19). By combining the Wyart-Cates model for the
shear-thickening transition (12) and a suspension balance model for
the particle migration, a recent theoretical and numerical study points
out the possible existence of long-lived unsteady bands in the vorticity
direction (20); such bands would be characterized by both different
stresses and densities and would travel along the vorticity direction.

At this stage, there exists no direct experimental evidence of these
bands and of their dynamics: signs of their possible existence are fluc-
tuating inhomogeneities of stress (21) and of velocity (22). This mainly
comes from the difficulty to measure the temporal and the spatial
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evolution of local variables such as solid-fraction profiles with high
resolution. Here, we make a major advance in understanding this
problem thanks to a novel combination of state-of-the-art x-ray
radiography with rheological measurements (23). In contrast to
previous studies, this experimental setup allows us to provide a
clear view of the dynamics of the flow by getting a direct visual-
ization of the solid-fraction map.

We study two well-known shear-thickening suspensions: a corn-
starch suspension in water and salt (3, 19, 22, 24, 25) and monodisperse
suspension of polyvinyl chloride (PVC) particles in a Newtonian solvent
(Dinch) (17, 26, 27). We show that the behavior of these samples displays
generic features. We find that inhomogeneities occur in the flow direc-
tion in the form of density waves. Our data shed new light onto yet
non-understood interfacial instabilities and viscosity fluctuations and
pave the road for future theoretical works.

RESULTS

PVC suspension: A canonical system

We first focus on PVC particles dispersed in liquid Dinch (1,2-
cyclohexane dicarboxylic acid diisononyl ester). The continuous phase
is Newtonian up to a shear rate of 10" s and has a viscosity of 41 mPa-s
at room temperature (27). Dinch is an organic solvent that acts as a
plasticizer for the particles. It enters the particles, creates a polymer
brush around them, and eventually completely swells them. Far below
the glass transition temperature of PVC (T, = 80°C), this process is
extremely slow. At room temperature, it takes more than 1 year: Dinch
then swells only the particle surface on a few nanometers [experimen-
tally measured in (17)], creating a swelled PVC brush layer at the par-
ticle surface that sterically stabilizes our suspensions (28). The mean
particle radius is 1 um and their root mean square (RMS) roughness
is 2.2 nm. The size distribution is log-normal, and the SD estimated
using the volume distribution is 45%. Further details on the particle
characteristics and on the suspension macroscopic properties can be
found in (17, 27) and in Materials and Methods. In this work, we focus
on a suspension with a volume fraction of 60%. We first measure the
rheological properties using a thin-gap sandblasted Couette cell with a
rotor radius of 28 mm and a gap of 1.2 mm at 25°C. The macroscopic
shear rate ¥ is obtained under constant imposed stress ramped up from
1 to 500 Pa in 36 logarithmically spaced steps of 60 s. As shown in
Fig. 1 (E and F), the suspension exhibits a slight shear-thinning behavior
at low shear stress and a shear-thickening behavior above the critical
shear stress o, =~ 145 Pa.

The shear-thinning behavior at low shear stress has been discussed
in detail in (27). It was shown that this suspension does not present
any slip in both its thinning and thickening regimes. At low shear
stress, the PVC suspension behaves as a hard spheres suspension with
an apparent size that includes the hard radius and a part of the sur-
rounding soft repulsive potential which varies as a function of the
shear rate. Such thinning has already been observed in a charge stabi-
lized suspension (29, 30) and predicted numerically (13). The shear-
thickening behavior can be explained following (12). Previously, we
have characterized the interactions between pairs of PVC particles
using a tuning fork (17). We have found that the critical shear stress o,
at the shear-thickening transition is tuned by the repulsive force due
to the brush layer at the particle surface. The discontinuous shear-
thickening transition is thus unambiguously explained by the break-
down of lubrication between particles and the onset of hard frictional
contacts. Consistently, we have shown that the solid fraction at which
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the zero shear rate viscosity diverges is equal to the random close
packing ¢cp = 69%, thus corresponding to a frictionless state, and that
the solid fraction at which the high shear rate viscosity diverges is
om = 62%, corresponding to the frictional state (27). These observa-
tions are in excellent agreement with the model developed by Wyart
and Cates (12) and with numerical simulations of Mari et al. (13).
This suspension can then be seen as a canonical system: The in-depth
study of its dynamics is thus a crucial test for the current understand-
ing of dense suspensions.

Shear rate fluctuations

Next, we focus on the dynamical behavior of the suspension. To do
so, after the stress ramp, we impose various constant shear stresses
(50, 133, 200, and 270 Pa) during long steps of at least 3600 s each
(see Fig. 1, A to D). Averages of the resulting macroscopic shear rate
¥(t) over the last 1800 s of each step are plotted in Fig. 1 (E and F).
Note that they do not perfectly coincide with the previously measured
flow curve, notably in the shear-thickening region: The apparent be-
havior depends upon the shear history of the sample, which will be
commented at the end of the article.

In Fig. 1 (A to D), we show a portion of the shear-rate time traces.
Below o, the fluctuations are negligible (less than 0.2%) with a peri-
odicity corresponding to one revolution of the rotor, pointing to un-
avoidable slight geometrical imperfections of the Couette cell or of
the torque mapping of the rheometer. Above o, the macroscopic shear
rate exhibits periodic fluctuations of high amplitude (of order 10%)
as often observed in thickening systems (19), which are statistically
stationary. Note that these oscillations are smooth and are not due to
inertia oscillations of the rotor, in contrast to stick-slip oscillations
observed by others (31, 32). Here, the torque due to inertia is found
to be always at least 40 times smaller than the torque due to the ma-
terial resistance to flow. The periodicity of the fluctuations in the
thickening regime now corresponds roughly to two revolutions of
the rotor, i.e., on average, to one revolution of the convected sus-
pension in the gap of the cell.

This readily suggests that the azimuthal symmetry of the flow is
broken, as will be proved and discussed below.

To better understand this point, we position the cup of the Couette
cell on two horizontal translation stages so as to precisely position the
axis of the stator with respect to the rotor axis, and we willingly play
with eccentricity. Figure 1G shows the temporal evolution of the shear
rate obtained as a function of the eccentricity of the cell when a shear
stress of 200 Pa is applied. The amplitude of the fluctuations strongly
varies with the eccentricity. A distance of 50 pm between the rotor and
stator axes is enough to double the fluctuation amplitude (without
changing its period). These data evidence a direct coupling of the in-
ternal dynamics and the geometry and suggest symmetry breaking of
the suspension flowing properties. In the following, the value of the
eccentricity will be less than 10 um, which is the maximum mechanical
accuracy achievable.

X-ray imaging

The rheological behavior of suspensions depends upon the solid frac-
tion. To probe whether the rheological fluctuations come with fluctu-
ations of the solid fraction, we use a Phoenix v|tome|x s from General
Electric in two-dimensional (2D) mode and make radiography of spa-
tial x-ray absorption. The experimental setup and the measurements
methods are detailed in (23). An x-ray planar wave is penetrating a
Couette cell made of poly(methyl methacrylate) (PMMA). The x-rays
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Fig. 1. PVC suspension (60%) in Dinch. (A to D) Portions of the time traces of the macroscopic shear rate under constant shear stress. See section S1 for the signals over
1800 s. The applied shear stress in the peak hold stress experiments are: 270 Pa (A, black), 200 Pa (B, red), 133 Pa (C, cyan), and 50 Pa (D, green). In a Couette cell, the mea-
sured average shear rate and the period Ty, of the motor are linked by Tim = Z‘;;:‘Z%, where R, is the stator radius and R; is the rotor radius (R, = R; — €). In our case, this
leads to Tyt = 8.8 s for a macroscopic shear rate of 17 s'andto T,r=11sfora r?\ac'roscopic shear rate of 13.5 s™'. Above the shear thickening transition, large oscillations
are observed with a period roughly equal to 18 s for (A) to (C), i.e., two times that of the rotor period rotation (T,ot= 8.8 s). Below the shear-thickening transition, the oscil-
lation has a much smaller amplitude and their period is equal to the rotor period rotation, i.e., 11 s. (E) Variation of the apparent viscosity as function of the shear rate re-
corded in a Couette geometry by ramping up the imposed stress with 60 s per point (small empty black circles) and through subsequent constant stress experiments of
at least 3600 s (filled colored circles; shear rate is averaged over the last 2500 s of each step). (F) Same as (E), viscosity as a function of the shear stress. (G) Effect of the

eccentricity (indicated above the curve, in um; steps of 150 s) of the Couette cell on the dynamics. The applied shear stress is 200 Pa.

are partially absorbed by the various media crossed by the beam (PMMA,
PVC particles, Dinch, air, and water in the cooling system) obeying
the Beer-Lambert law.

The normalized solid fraction ® seen by the beam in the Couette
cell is linked to the recorded x-ray intensity I by

(I)(y’ z, t) _ In [I()/, z, t) /Isolvent(y> Z) ]
Do(y,2) In [Io(y, 2) /Isolvent(y»2) ]

D(y,z,t)= (1)

where y is the horizontal direction on the x-ray detector, z is the ver-
tical direction (corresponding to the vorticity direction), Iolyent is the
recorded intensity in the absence of particles (i.e., liquid Dinch alone),
and subscript 0 denotes the initial static values. Note that x-ray radi-
ography is the 2D projection of a 3D object on a detector, which is an
attenuation map averaged over the object thickness. The measured
solid fraction ®(y, z, ) is an average over a varying thickness x de-
pending on y (see the red zone on Fig. 2A). Here, images are obtained
with a pixel resolution corresponding to 25 pm.

Ovarlez et al., Sci. Adv. 2020; 6 : eaay5589 17 April 2020

Geometry and interface fluctuations

First, we use x-ray imaging to characterize the geometry and to mea-
sure the position of the rotor and of the stator as a function of time.
We performed these experiments in a Couette cell with a rotor radius
equal to 24 mm and a gap of 1 mm. Both measurements are obtained
by tracking the average position of the walls more than 20 pixels lo-
cated at the top of the cylinders along the z direction. Below the shear-
thickening transition, the rotor and the stator are concentric and rotate
with no observable fluctuations. Above the shear-thickening transition,
the position of the rotor fluctuates with time (Fig. 2C), whereas the
stator does not move. This means that strong stress inhomogeneities
are developed along the flow direction, leading to a neat off-axis force
bending the rheometer axis. As for the macroscopic oscillations in
the shear rate, the angular period of these fluctuations correspond to
two revolutions of the rotor. The x-ray method has a temporal reso-
lution of 0.2 s. We underline that displacement of the rotor does not
affect the solid-fraction measurements. As long as the stator does not
move, which is the case in our study, the scattering volume is constant
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Fig. 2. PVC suspension (60%) in Dinch. (A) Scheme of the x-ray setup. The y direction is the horizontal direction on the x-ray detector. The z direction is the vertical di-
rection and corresponds to the axis of the rotor. (B) Normalized solid fraction averaged over time and vertical position, (®);(y), as a function of the position in the gap y
for various shear stresses. (C) Variation of the horizontal position (pos) in millimeters of the rotor as a function of time (for t < 3660 s the applied shear stress o is 125 Pa,
fort>3660s, o = 150 Pa and the system is in the shear-thickening regime); the rotor remains centered below the shear-thickening transition and oscillates above.
(D) Vertical displacement of the air/sample interface (l.d) as a function of time for the same stresses as in (C); the red curve corresponds to the Couette cell gap imaged on
the left side of the detector (see Fig. 2A), and the black curve to the gap imaged on the right side of the detector. For 6 = 125 Pa, the rotation velocity of the rotor is Q =
1.02 rad/s; for 6 = 150 Pa, Q = 0.72 rad/s. The period of the waves is equal to 18 s and is two times the period of the rotor (equal to 8.7 s) for both (B) and (C).

and our analysis is relevant. Using x-ray imaging, we also track the po-
sition of the air/suspension interface as a function of time. Figure 2D
displays the position of the interface as a function of time in two oppo-
site locations of the gap. Below the shear-thickening transition, the
interface does not move and remains flat. Above the shear-thickening
transition, they oscillate in phase opposition in both parts of the Couette
cell. The amplitude of the oscillations is large and may reach 2 mm.
These data are in agreement with macroscopic observations of the in-
terface in a wide-gap cell (see section S2). Assuming that there is a
single front (which is verified by macroscopic observations), we can
measure the velocity of the wave V... We observe that Vigaye =~ 2% over
the entire shear-thickening transition. In other words, the angular
periodicity of these interface fluctuations corresponds to two revolu-
tions of the rotor, which is correlated with the rotor position oscillations
and with the macroscopic shear rate fluctuations. This will be analyzed
in more detail below.

Density fluctuations

Second, we use x-ray absorption to map the solid-fraction profiles.
Figure 2B displays profiles of the solid fraction averaged over time and
vertical position, (®),(y), as a function of the position in the gap y
for various shear stress. These data are time-averaged over the entire
peak hold stress and spatially averaged over the height of the Couette
cell. The solid fraction remains constant and homogeneous below the
shear-thickening transition (see Fig. 3A for a map in the y, z plane).
At high shear stress in the shear-thickening regime (i.e., above o, ~
150 Pa), a slight increase in solid fraction is observed only very close
to the stator, showing that shear-induced radial migration occurs.

Ovarlez et al., Sci. Adv. 2020; 6 : eaay5589 17 April 2020

Its magnitude (A®/® < 0.2%) in our thin-gap Couette geometry is
consistent with interpolation that can be made from the typical mag-
nitude observed in a wide-gap Couette geometry with concentrated
suspensions (23, 33). Although we did not use exactly the same pro-
cedure in Fig. 1, we believe that this slight radial migration is at the
origin of the dependence on the history of the sample mentioned
above. Starting from a fresh sample involves a homogeneous sample.
Performing a peak hold after a ramp involves a slightly inhomogeneous
sample.

We then focus on the evolution of the solid fraction in the flow
direction. Since our measurement zone is fixed, studying the tem-
poral fluctuations of ®(y, z, t) is equivalent to studying density vari-
ations in the flow direction.

Figure 3 (A to D) displays instantaneous solid fraction maps in
the y, z detection plane, for an applied shear stress of 200 Pa, above
the shear-thickening transition. These maps evidence large periodic
temporal fluctuations of the density, with relative variation of order
10%, mainly located at the top of the sample. Some zones display
solid fraction higher than 66% and even very close to 69%. Recalling
that ¢ = 62% and orcp = 69% (27), the system is thus shear-jammed
in these inhomogeneities.

Note that the lowest values of the measured density are the
signature of a periodic introduction of air in the sample, which
is due to the free interface fluctuations (34). Figure 3E displays
the temporal evolution of the gap-averaged solid fraction, together
with that of the viscosity, the rotor displacement, and the free
interface displacement. As shown in the section S4, all signals
display the same main frequency (0.06 Hz), which is two times
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Fig. 3. PVC (60%) suspension in Dinch. (A) Instantaneous map of the solid fraction corresponding to the pink circle in (E). (B) Same as (A) for the red circle in (E). (C) Same
as (A) for the green circle in (E). (D) Same as (A) for the blue circle in (E). (E) From top to bottom, temporal evolution of the normalized macroscopic shear rate yy =

¥/10 — 0.7 (green line), of the solid fraction (®) (black line), of the normalized rotor displacement dﬁ = d®x6.89 + 0.75, where d” is the displacement of the rotor ex-
pressed in millimeters (red line), of the normalized interface position Ipy = Ip/5 + 0.4, where Ip is the interface displacement expressed in millimeters (right part of the cell
Couette, blue line). The solid fraction (@) is the instantaneous solid fraction averaged over the entire gap along the y direction and more than 1 cm below the free interface
in the z direction. The data corresponding to the positions at a distance less than 100 um from the rotor and 100 um from the stator are excluded. A.U., arbitrary units.

smaller than that of the motor (0.13 Hz): It corresponds to the aver-
age convection velocity of the material.

The solid fraction and the rotor displacement are in phase oppo-
sition, i.e., the larger the solid fraction, the larger the gap width. The
zones of high density thus exert a high positive normal stress on the
rotor surface, which causes its displacement. As normal stresses are
usually proportional to shear stresses in such systems, we can also
conclude that these zones bear high shear stresses. High solid frac-
tion thus corresponds to high viscosity. The signal of the interface
position is in phase with the solid fraction but in phase opposition
with the rotor displacement. The shear rate signal has the same fre-
quency as the other signals. Figure S3 shows a similar behavior for
applied shear stresses of 150 and 300 Pa. At the opposite, no varia-
tions are measured for a shear stress equal to 125 Pa, below the shear-
thickening transition.

A clear picture of the flow lastly emerges from our data. As time is
linked to the flow direction through advection, it follows that the
shear-thickening transition is associated with particle density waves
located mainly at the top of the Couette cell and advancing along
the flow direction. These density waves encompass shear-jammed
zones. They come with strong stress fluctuations yielding an off-axis
movement of the rotor and with an interfacial instability: A surface
wave propagates with a velocity equal to half the rotor velocity, and
air is also introduced periodically at the top of the sample. Apparent
shear rate (and thus, viscosity) fluctuations are lastly induced and

Ovarlez et al., Sci. Adv. 2020; 6 : eaay5589 17 April 2020

are due to the interplay between the axial symmetry breaking and
the imperfect concentricity of the Couette cell. Note that the shear
rate seems to be in phase with the solid fraction. It is impossible,
however, to analyze the phase between these two signals. The mea-
sured shear rate is a macroscopic quantity and is low when the most
viscous part of the sample is located in the thinnest part of the Couette
gap. By contrast, the density is a local value measured at a fixed lo-
cation, and we do not know whether it corresponds to the thinnest
part of the gap or not. The previous analysis made using the normal
stresses points out that the high-density zones are correlated to high
viscosity, which suggests that local data are not collected at the thinnest
gap location.

To estimate the stress applied by the density inhomogeneities on
the rotor, we have measured the lateral stiffness of the rotor, by mea-
suring the force exerted to move the rotor with a rigid tip of small
contact area positioned at the same location as the observed density
inhomogeneity. This stiffness is equal to 1.5 x 10* N-m ™. On the basis
of the x-ray measurements, we estimate that the inhomogeneity covers
a region of 3 mm in height and of length equal to 1/20 of the rotor
perimeter. This length is estimated by counting the fraction of images
per revolution where the inhomogeneity is observed.

Assuming that this inhomogeneity is characterized by a large nor-
mal stress causing the rotor displacement, we can then estimate this
normal stress to be of the order of 30 kPa in the PVC suspension
when the average applied shear stress is 150 Pa, which is consistent
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with the stress values observed by (27), using capillary rheometry,
on the same system in its frictional state (i.e., corresponding to the
maximum measured viscosity).

The flow thus includes small areas of normal stresses of the order
of tens of kilopascals as well as areas of normal stress of the order of
hundreds of pascals. We believe that these strong stress variations
could play an important role in the damage caused by thickening
fluids in the industry.

It is interesting to ask whether the shear-thickening suspensions
we are studying are subject to dilatancy or not. To do this, it is neces-
sary to compare the lower bound of the confinement pressure Peonf
that can be calculated according to Cates from the surface tension y
and grain size a, Peons = % and the typical stress previously estimated
in the dense regions. We find Pcopr = 100 kPa for PVC suspension
using a radius of 1 um and a surface tension of 50 mN/m. The stress
inside the inhomogeneities is 30% less than the confinement pres-
sure. This is the first argument to indicate that the samples do not
experience dilatancy, although the values are not so different. This
conclusion is reinforced by the fact the interfaces of the samples sub-
mitted to shear remain shiny (see, for example, fig. S2). The interface
of a system subject to dilatancy is rough and scatters light, which we
do not observe.

Density waves in cornstarch

To conclude this experimental section, we extend this study to an-
other suspension. We repeat the measurements for a cornstarch sus-
pension in salty water. The cornstarch is supplied by Merck (CAS
9005-25-8) and used without further modification. It contains ap-
proximately 73% amylopectin and 27% amylose with a particle di-
ameter of 14 pm (with a polydispersity of 40% as determined from
static light scattering). Salt is used to match the density and to en-
hance the x-ray contrast. Dense cornstarch suspensions are obtained
by dispersing 41 wt % of cornstarch at room temperature in a density-
matched solvent composed of 46 wt % water and 54 wt % cesium
chloride (CsCl). We measured the rheological properties by apply-
ing peak hold stresses (see figure legends for the applied values).
Cornstarch suspensions are known to exhibit slip at the wall. We thus
study the suspensions in both smooth and rough geometry. The flow
curves are given in sections S5 and S6: Shear thinning is observed at
low shear stresses, a continuous shear-thickening regime is then ob-
served for stresses higher than 1 Pa, whereas a transition to a dis-
continuous shear-thickening regime is observed above 6 Pa. Figure 4
displays the density profiles for a smooth thin-gap Couette cell with a
small gap of 0.5 mm and an internal radius of 24.5 mm. The case of
rough surfaces is shown in section S6. We again observe spatial and
temporal fluctuations of the solid-fraction profiles in the DST regime,
similar to the case of PVC in Dinch.

Figure 4A first shows the solid fraction averaged close to the stator
(D) stator(¢)> as a function of time. These data are averaged over 40 um
next to the stator and over 2 cm below the free interface in the z di-
rection; averaging only close to the stator allows to evidence both
radial migration and time fluctuations in a unique plot. We first note
a rapid and significant global increase in the solid fraction close to
the rotor for stresses higher than 1 Pa, meaning that shear-induced
radial migration occurs. We observe this behavior in the continuous
shear-thickening regime, where radial migration has already been re-
ported to be accelerated (33). We note that migration is much more
important than in PVC suspensions and of much higher magnitude
than expected in the thin-gap Couette used here: A density varia-
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Fig. 4. Cornstarch suspension in CsCl solution in a smooth Couette geometry.
We apply a series of constant shear stresses for 50 s each. The applied values are
0.3,1,2,3,5,8,10,12, 15, 20, 25, 30, 40, and 60 Pa. Continuous shear thickening is
observed for stresses above 1 Pa, and DST is observed for stresses above 6 Pa (see
section S6). (A) Averaged normalized solid-fraction profile along z and y, (®)stator,
as a function of time. These data are averaged over 40 um close to the stator and
over 2cm below the free interface in the z direction. The green circle corresponds
tot=515s,the red one to t =520 s, for an applied shearstress equal to 25 Pa in the
DST regime. (B and C) Instantaneous normalized solid-fraction maps ®(y, z, t). The
applied shear stress is equal to 25 Pa, in the DST regime, at t=515sand t =520s
for (B) and (C), respectively. The rheological data can be found in section S6.
(D) Normalized solid fraction profile averaged over a width of 40 um next to the
stator, (®)sator, plotted as a function of time and height. The red tick corresponds
tot=515sand the green one to t =520 s, for an applied shear stress equal to 25 Pa
in the DST regime.

tion AD/P of order 3% is observed, whereas AD/® ~ 0.1% would be
expected here from interpolation of typical migration profiles ob-
served in wide-gap Couette geometries in concentrated suspensions
(33). This might be due to the attractive forces between cornstarch
particles and to the formation of a shear-induced consolidated gel.
Hysteretic force profiles between cornstarch particles have been mea-
sured using atomic force microscopy (AFM) (35), evidencing attrac-
tive forces when the particles are separated after contact, which is not
the case for PVC particles (17).

It implies that cornstarch suspensions are not canonical systems
that can be directly compared to the most recent theories and sim-
ulations (12, 13): Although we expect them to present qualitatively
the same behavior as other discontinuous shear-thickening suspen-
sions, they display additional complex features and can be expected
to present quantitative differences.

For stresses exceeding 6 Pa, corresponding to the onset of dis-
continuous shear thickening, we observe temporal fluctuations of
the concentration. Instantaneous 2D maps corresponding, respec-
tively, to a minimum and a maximum of these fluctuations are
shown in Fig. 4 (B and C) and show that the whole 2D structure is
involved in the fluctuations. As already pointed out, such solid-fraction
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Fig. 5. lllustration of the mechanism in charge of the flow. A dense zone is cre-
ated in one part of the rotor, resulting in a higher normal stress and thus with an
unbalanced normal stress around the rotor. This induces a displacement of the ro-
tor and creates a wave at the free interface. Apparent viscosity fluctuations in time
result from the interplay between the axial symmetry breaking and the imperfect
concentricity of the Couette cell.

fluctuations measured in a fixed zone correspond to fluctuations prop-
agating in the velocity direction, as for PVC suspensions. The varia-
tions observed at the top surface are the signature of free-surface
fluctuations as in PVC; this is also related to an off-axis motion of
the rotor, evidencing stress fluctuations. The density fluctuations
in time are rather periodic and are correlated to the free-surface
and rotor fluctuations (see section S5). We notice two differences
between PVC and cornstarch suspensions. Figure 4B shows a spa-
tiotemporal plot of the density close to the stator: It shows that, in
contrast to PVC, the fluctuations occur simultaneously along the
whole height. A quantitative difference with PVC also exists: Whereas
for PVC, the period of the density fluctuations is equal to twice the
period of the rotor, here, the fluctuation period is roughly equal to
three times the period of the rotor. Since the rheological curve evi-
dences slip at the wall, the apparent shear rates are higher than the
bulk shear rates, which likely leads to overestimating the intrinsic
dynamics of the band. However, for the same sample with rough
boundaries (see section S6), we get the same picture, with even dif-
ferent quantitative features. Although it is difficult to extract a char-
acteristic time in that situation, due to the complexity of the signals,
it can be noted that the dynamics is still faster than in PVC and is
even faster than in the smooth case, although the macroscopic shear
rates are smaller. It can lastly be concluded that the phenomenology
is the same in cornstarch as in PVC. We do observe density waves
propagating in the flow direction characterized by high normal stresses
yielding an off-axis movement of the rotor. However, we evidence dif-
ferent dynamics (i.e., the period of the waves is not twice that of the
motor), likely linked to the complexity due to the occurrence of
significant radial migration in cornstarch, in relation with the ad-
hesive forces between cornstarch particles. We estimated that the
rotor displacement is caused by normal stresses of the order of 3 kPa,
when the average applied shear stress is 25 Pa, which, as for the PVC
suspension, is consistent with the stress values observed on the same
system in its frictional state (24). We checked that no dilatancy oc-
curs in our system. As previously, we calculate Peons = 20 kPa for
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the cornstarch suspension using a radius of 8 um and a surface ten-
sion of 72 mN/m.

Our results on cornstarch differ from the ones obtained by
Saint-Michel et al. (22). In their recent work, the authors have studied
cornstarch suspensions with local velocity measurements. They ob-
served complex dynamics and have suggested that their data evidence
vorticity bands propagating in the vorticity direction. Our measure-
ments show that density fluctuations along the velocity direction
are accompanied with waves at the free interface, implying a com-
plex 3D motion; this likely leads to the observation of periodic ve-
locity fluctuations along the vorticity direction, as those reported in
(22). Moreover, an experimental detail may be behind the differ-
ence between the two studies. To prevent evaporation, the authors
have used a lid. In this situation, it is likely that they do not have a
free interface but rather a flow confined between four walls. In a closed
geometry, the wave of the free interface that we have observed may
then generate in addition propagative events in the vorticity direc-
tion as the ones observed by Saint-Michel et al.

DISCUSSION

Our work points out that the discontinuous shear-thickening tran-
sition in a canonical system is associated with symmetry breaking in
our Couette geometry, that is, with the breaking of invariance along
the flow direction. On the basis of our observations, the following
chain of events can then be reconstructed.

The discontinuous shear-thickening transition is accompanied
by the coexistence of areas where interparticle contacts are frictional
and areas where contacts are lubricated. These areas cannot stay or-
ganized in a stationary way in the flow, since the differences in nor-
mal stresses between these areas cause a particle migration from one
area to the other. Here, we show that the flow is organized with a
density wave that moves in the flow direction at a slower speed than
the rotor. These solid fraction inhomogeneities withstand high stresses,
which remain lower than the confinement pressure in our study. An
indirect signature of the propagation of these inhomogeneities is the
emergence of apparent viscosity fluctuations, which is due to un-
avoidable slight geometrical imperfections of the Couette cell. These
macroscopic viscosity fluctuations are of much lower amplitude
than the local fluctuations. If the flow geometry were not deform-
able, one would only observe these features.

In the case of a deformable geometry (case of any standard rhe-
ometer), the inhomogeneous normal stresses resulting from the in-
homogeneous solid fraction distribution induce a displacement of
the rotor. Top surface fluctuations then emerge as a consequence of
the off-axis rotational movement.

The flow instability we have revealed seems to be generic for DST
materials and to reconcile many observations of the literature. Our
observations are consistent with the results obtained by Rathee et al.
(21), who studied a suspension of submicronic silica beads in glyc-
erol. These authors show that the shear stress field in their shear-
thickening suspension is inhomogeneous in the thickening regime
and that zones of high shear stresses propagate at half the velocity of
the rotor along the velocity direction. Here, we shed new light on
these observations by showing that this comes with solid-fraction
density waves and high normal stresses. This conclusion likely ap-
plies too to the potato-starch suspension studied by Nagahiro and
Nakanishi (16), who reported normal stress fluctuations traveling in
the flow direction in the thickening regime. It also provides a possible
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explanation for the rotor off-axis motion in the thickening regime,
which had been previously reported for a latex suspension by (36),
and for apparent viscosity fluctuations observed in many thickening
systems, which has long remained an unanswered question (19). These
results echo the pioneering work of Lootens et al. (37) where huge
macroscopic shear stress fluctuations were reported between two states
under applied shear rate in a thickening suspension. Note that the ex-
istence of aggregates was hypothesized by Lootens et al. (37) to explain
these huge macroscopic fluctuations.

We lastly showed that the same phenomenology is observed with
cornstarch suspensions, although it is more complex due to the in-
terplay with strong shear-induced migration: We argue that cornstarch
is far from being a canonical system due to the adhesion forces that
are not present in the common framework adopted by the most re-
cent simulations and theories (12, 13).

At this stage, we are not able to determine unambiguously the
nature of these solid fraction density waves from the experimental
data. They may be either steady bands involving jammed zone or
propagating density waves. A jammed zone could be transported by
rolling between the two cylinders: Its convection velocity would then
be half the rotor velocity as observed here. These bands would then
correspond to the shear-jammed region of the phase diagram (13).

Propagating density waves and breaking of symmetry associated
with DST is expected to occur under imposed shear stress, as opposed
to imposed shear rate, as explained for instance in (19). Under im-
posed shear rate, the system is completely homogeneous, either in the
low viscosity state at small rates (below the shear-thickening rate) or
in the high viscosity state for large rate. Simulations under imposed
stress are few (20, 38). In wide systems, bands traveling in the vorticity
direction have been predicted and observed in numerical simulations
by Chacko et al. (20), which is due to the following mechanism. A
local increase of stress induces a local increase of the number of fric-
tional contacts. In the DST regime, any slight increase of the num-
ber of frictional contacts corresponds to a large increase in viscosity,
so much so that it provides a positive feedback for stress fluctua-
tions, and an instability. While this linear instability mechanism is
a priori equally valid for wave vectors in both the velocity and vor-
ticity directions, in the nonlinear, fully developed regime the two
directions are not equivalent. For vorticity bands, the stress imbal-
ance at the interface induces particle migration, which is a stabiliz-
ing process competing with the instability to give rise to permanent
traveling bands, where the migration-thickening balance is achieved
dynamically.

For velocity bands, however, the band interfaces are also subject
to advection, a much more efficient transport mechanism than par-
ticle migration which is of diffusive nature. This may be why numer-
ical simulations like the ones of (20) do not capture velocity bands.
The simulations and modeling of (20) are assuming a setup with pe-
riodic boundary conditions, particularly in the vorticity direction. In
the experiments, the free surface (in the vorticity direction) may
prove a further positive feedback for stress fluctuations, counteract-
ing advection by applying a permanent normal stress on the suspen-
sion in the velocity direction when the interface is wavy, as depicted
in Fig. 3E. In this spirit, further works should deal with modeling
these bands involving bulk thickening rheology and free-surface dy-
namics. We believe that these future works will be able to predict
why velocity bands seem to be favored over vorticity bands. It may
also provide insight as to the origin of instabilities observed in free-
surface flows of shear-thickening suspensions (39).
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By revealing an original flow instability in complex fluids, our ex-
perimental work opens the road to new models and simulations in
the field of soft matter taking into account the possibility of breaking
the invariance along the flow direction, which has never been con-
sidered before. These observations are also crucial for applications:
The density waves are likely at the origin of damage occurring during
pumping in industrial processes. It would now be interesting to see
how it is possible to control these instabilities by adding vibrations
perpendicular to the flow as recently proposed (40). The vibrations
may avoid the density fluctuations and allow the control of the flow.

MATERIALS AND METHODS

PVC suspensions

The mean radius of PVC particles, defined as Rs; = (R*)/(R) is 1 pm.
Their RMS roughness measured by AFM is 2.2 nm. The size distribu-
tion is lognormal, and the SD estimated using the volume distribution
is 45%. As a plasticizer for the PVC particles, we use n1,2-cyclohexane
dicarboxyllic acid di-isonoly ester (Dinch) supplied by BASF. Dinch
does not evaporate. The organic liquid Dinch enters the particles and
creates a polymer brush around them. This brush enables suspension
stabilization due to steric repulsion. At high temperature (T >100°C),
Dinch can dissolve the PVC particles. At room temperature, this pro-
cess is much slower and takes more than 1 year. Our measurements
are performed 1 day after the preparation and in the week after the
preparation of the sample to avoid its evolution. We prepare our dis-
persions by weighting a given amount of PVC particles, a given amount
of DINCH. The solid fractions are then calculated knowing the density
of PVC ppyc=1.38 g/cm3 and the density of DINCH ppjnch = 0.95g/cm3.
Suspensions are stirred 5 min at 1000 rpm using a Dispermat LC55
(VMA Getzmann) to ensure good dispersion state. This protocol was
found to produce reproducible samples. The solid volume fraction of
the suspension is defined as the volume of particles divided by the total
volume: @ = mpyc/ppvc + Mpinch/ PDinch-

Cornstarch suspension

The cornstarch is supplied by Merck (CAS 9005-25-8) and used with-
out further modification. It contains approximately 73% amylopectin
and 27% amylose with a particle diameter of 14 um (with a polydis-
persity of 40% as determined from static light scattering). Salt is used
to match the density and to enhance the x-ray contrast. Dense corn-
starch suspensions are obtained by dispersing 41 wt % of cornstarch at
room temperature in a density-matched solvent composed of 46 wt %
water and 54 wt % cesium chloride (CsCl).

Rheological procedure

Polyvinyl chloride

We used three geometries to measure the rheological behavior of PVC.
In Fig. 1, we displayed the data measured in a homemade Couette cell
with a rotor radius equal to 28 mm and a gap equal to 1.2 mm. The
experiments have been performed using a Kinexus rheometer from
Malvern and an ARG2 rheometrer from TA Instruments. The PVC
sample is loaded in the Couette cell, and we set the geometry in the
desired position and wait 60 s before starting the experiments. The first
set of measurements has been obtained under constant imposed stress
ramped up from 1 to 500 Pa in 36 logarithmically spaced steps of 60 s. The
second set of measurements is different. The PVC sample is loaded in
the Couette cell, and we set the geometry in the desired position and
wait 10 min before starting the experiments. We applied a given shear
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stress for 1 hour and recorded the temporal evolution of the shear
rate. At the end of the experiment, we discard the sample and start
with a fresh one to study another shear stress. We have measured the
lateral stiffness of the rotor of the Kinexus rheometer, by measuring
the force exerted to move the rotor with a rigid tip of small contact
area positioned at the top of the rotor. This stiffness is equal to 1.3 x
10* Nm ™. Data of Fig. 3 have been collected in a Couette cell devoted
to x-ray scattering with a rotor radius equal to 24 mm and a gap equal
to 1 mm. The experiments have been performed using an ARG2 from
TA Instruments. In this situation, the PVC sample is loaded in the
Couette cell, and we set the geometry at the desired position and wait
60 s before starting the experiments. We apply steps of shear stress
over 600 s. The various shear stresses applied are 5, 20, 50, 75, 100,
125, 150, 200, 300, 400, 200, and 50 Pa. We have measured the lateral
stiffness of the rotor of the ARG2, by measuring the force exerted to
move the rotor with a rigid tip of small contact area positioned at the
top of the rotor. This stiffness is equal to 1.5 x 10* Nm™.

In the Supplementary Materials, we display data obtained in a cone-
and-plate geometry of 2" angle and 40-mm radius using an ARG2
rheometer from TA Instruments. The geometry is sandblasted. The
rheological procedure is the following. The PVC sample is loaded in
the cone-and-plate geometry, and we set the geometry in the desired
position and wait 10 min before starting the experiments. We ap-
plied a given shear stress for 1 hour and recorded the temporal evo-
lution of the shear rate. At the end of the experiment, we discard the
sample and start with a fresh one to study another shear stress. Let us
underline that no wall slip was measured in these experiments. This
was checked directly by measuring velocity profiles using ultrasound in
Couette cells and indirectly by changing the gap size of a Couette cell.
Cornstarch
Contrary to PVC suspension, cornstarch suspensions display slip at
the wall. We used two geometries to measure the rheological behavior
of cornstarch suspensions: a smooth one and a rough one. The proce-
dure applied for the smooth geometry is the following. The sample is
loaded in a smooth Couette cell, which has a rotor radius of 24.5 mm
and a gap of 0.5 mm, and a series of constant shear stresses are applied
for 50 s. The applied values are 0.3, 1, 2, 3, 5, 8, 10, 12, 15, 20, 25, 30,
40, and 60 Pa. The experiments are performed using an ARG2 rhe-
ometer from TA Instruments. The duration of the steps is reduced
compared to PVC to avoid evaporation. For this purpose, we also use
a dedicated cover fixed at the top of the Couette cell. The procedure
applied for the rough geometry is the following. The Couette cell has
a rotor radius of 23.5 mm and a gap of 1.5 mm and a characteristic
roughness of ~20 um. The rheological procedure is the following. Af-
ter loading the sample, a series of constant shear stresses are applied
for 50 s. The applied values are 0.3, 1, 3, 6, 10, 12, 15, 20, 21, 25, 30, 40,
60, 100, and 200 Pa. The experiments are performed using an ARG2
rheometer from TA instrument. The duration of the steps is reduced
compared to PVC to avoid evaporation. For this purpose, we also use
a dedicated cover fixed at the top of the Couette cell.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/16/eaay5589/DC1

View/request a protocol for this paper from Bio-protocol.
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