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A consensus has emerged that a constraint to rotational or sliding motion of particles in dense
suspensions under flow is the genesis of the discontinuous shear thickening (DST) phenomenon. We show
that tangential fluid lubrication interactions due to finite-sized asperities on particle surfaces effectively
provide these constraints, changing the dynamics of particle motion. By explicitly resolving for the surface
roughness of particles, we show that, while smooth particles exhibit continuous shear thickening, purely
hydrodynamic interactions in rough particles result in DST. In contrast to the frictional contact model, the
hydrodynamic model predicts negative first and second normal stress differences for dense suspensions in

the shear thickened state.
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Main.—From a rheological standpoint, material func-
tions (viscosity and normal stress differences) of dense
suspensions under shear show distinct non-Newtonian
behavior. Upon increasing the rate of applied deformation,
the viscosity of a dense suspension may increase incre-
mentally or abruptly, respectively, corresponding to con-
tinuous (CST) and discontinuous shear-thickening (DST)
behavior [1-3]. A number of experimental studies [4—7]
suggest that both the first and second normal stress
differences, N; and N,, are negative in sign, and compa-
rable in magnitude for shear-thickening suspensions. In
contrast, a number of recent experiments show a sign
reversal in N for DST suspensions [8—12], which does not
necessarily coincide with a transition in the viscosity. The
breadth of macroscopic rheological response in dense
suspensions to an applied deformation has stimulated
decades of research in the rheology and physics community
alike; yet, the topic has become most debated during the
past few years. We present a very brief history of the topic
in order to put the recent developments in context.

During mid-20th century, dilatancy and shear thickening
were used interchangeably to describe the same rheological
behavior [13—15]; however, dilatancy is the volume expan-
sion in sheared dense suspensions, not the increase in
viscosity. Another suggested mechanism for shear thicken-
ing (ST) in dense suspensions at the time was an order-
disorder transition as the stringlike ordered structures in the
shear thinning regime are disrupted at higher shear rates
[14]. Later, development of a computational platform based
on hydrodynamics of suspensions under shear [16—19]
suggested that dissipative lubrication forces in small
interparticle gaps give rise to the formation of so-called
hydroclusters that resist large deformations and in turn
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increase the viscosity [2,20-24]: the lubrication stresses
scale inversely with the surface-surface separation distance
between the colloidal particles 1/h, and thus in principle
are infinite at contact. This, in other words, means that hard
spheres never contact one another; however, this also
means that as suspensions get denser, the smaller gaps
result in larger stresses. Since lubrication forces are
naturally dissipative and act against the relative motion
of particles, they provide a natural rate dependence for the
macroscopic theology of suspensions. This motivated
presentation of viscometric functions as a function of the
Peclet number, Pe = 67nyR?/(kzT/R) (1 is the sus-
pending fluid viscosity, y is the imposed shear rate, and R is
the particle radius), which represents the relative magnitude
of shear forces to Brownian forces. Through a series of
micromechanical studies, it has been [25-31] suggested
that since the normal direction of the squeezing mode
lubrication scales as 1/h and the tangential direction scales
as log(1/h), neglecting such tangential interactions does
not significantly change the macroscopic rheology recov-
ered by the model. This picture of the colloidal hydro-
dynamics has been employed in describing rheology of not
only hard sphere suspensions, but also suspensions of soft
particles [20], cubic particles [32], and the microstructural
evolutions under shear [33]. Additionally, the micro-
structures produced via Stokesian dynamics simulations
[23,24] show a remarkable agreement with experimentally
observed structures through scattering experiments
[21,34,35]. While the hydrodynamics-based mechanism
recovers a negative N in ST, it fails to reproduce the DST
behavior and only an intermediate CST increase to vis-
cosity (three- to sixfold) is predicted. On the other hand,
careful experiments performed on particles with tunable
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roughness [8,36] showed that one can transition from CST
to DST by systematically changing the surface definition of
the particles. A series of flow reversal [37] as well as
orthogonally superposed oscillatory deformations [38]
called into question whether hydrodynamic interaction
are sufficient in reproducing DST behavior. These recent
developments, as well as a constraint-based approach to
DST presented recently by Guy et al. [39] confirm that a
single normal mode of dissipation cannot explain the whole
ST phenomenon, and a so-called rolling constraint is
essential in order to reduce a particle’s degrees of freedom
and generate stresses relevant to DST. Over the past few
years, a general consensus has emerged [36,40-43], pro-
posing a frictional contact mechanism for ST in dense
suspensions: the lubrication layer breaks down under large
deformation rates and upon contact between the particles,
a Coulomb’s law of friction determines whether the parti-
cles stick or slip. The frictional contact model successfully
recovers the DST behavior; however, the tangential nature
of frictional interactions results in a consistent positive
N, value [8,41,42,44]. Furthermore, a recent work by
Townsend and Wilson [45] introducing the role of surface
roughness using a combination of frictional contact model
and Stokesian dynamics clearly showed that particle-
particle overlaps are essential in recovering large viscosities
in the DST regime.

Here we present an alternative underpinning to sliding
motion of particles based purely on hydrodynamic inter-
actions, where a more realistic picture of the particle
surface is used. Perhaps a major shortcoming of the
lubrication theory in explaining the DST is the smooth
hard-sphere assumption: In real life there is no perfect hard
sphere. Ultimately, particles have different levels of asper-
ities on their surface, with a finite mean square roughness
value. Although the normal squeezing mode lubrication
dominates the motion of particles in small gaps, when the
separation distance is comparable with the size of asper-
ities, the lubrication due to interaction of asperities can no
longer be ignored and the resulting forces and motion of
particles no longer need to be along the center-center line of
the two particles. The bottom row images in Fig. 1 show an
example of the particle-particle spacing in small gaps: & for
the surface separation of two primary base particles, and /'
for the separation of their corresponding asperities. The
tangential lubrication stresses for smooth surfaces scale as
xlog(1/h), while the normal lubrication stresses between
the asperities scale «1/h’ (note that & > h’). In other
words, the dominant forces defining the motion of particles
are now the hydrodynamic interactions between surface
asperities rather than between the primary base particles
themselves. The normal lubrication forces of asperities
translate into tangential forces and hence a torque on the
particle. Thus, in our model the tangential Iubrication
forces of the base particles as well as the asperities are
neglected, and the tangential motion or hindrance results

FIG. 1.
by the same size asperities, and bottom row: depiction of particle-
particle separation in close contact.

Top row: increasing surface coverage from 0.01 to 0.5

solely from the normal squeezing mode lubrication
between the asperities.

In order to include such effects, we introduce a simu-
lation scheme based on dissipative particle dynamics
(DPD) [20,46], for rough composite colloids interacting
hydrodynamically. In our DPD scheme, the equation
of motion for all particles is written as mi% =
S2FS +FD + FR + Flf + F®, where each term on the
right-hand side represents a pairwise interaction potential
between the ith particle and any neighboring jth particles.
The solvent is explicitly modeled as soft particles, inter-
acting through the first 3 terms: The conservative force FS

is exclusively used for the solvent based on the chemical
identity of the interacting species, which is parametrized
based on the compressibility of water [47]; the random
force Ff; introducing the Brownian thermal fluctuations in
the system using a random function ®;; of a zero mean and
a unit variance; and the dissipative force Ff} that acts as the
heat sink and dissipates the generated heat of the random
force used in equations of motion for both colloids and the
solvent. The random and dissipative forces are thus coupled
and satisfy the fluctuation-dissipation theorem [48] and
provide the canonical ensemble required for proper repre-
sentation of Brownian forces in the system. The remaining
terms are calculated only for the colloidal particles: the

hydrodynamic forces F/ and the interparticle forces F?jep.
The hydrodynamic force, Fjf = —ufi(v;;.e;;)e;; (where e;;

is the unit normal vector, and v;; is the relative velocity
between particles), represents the short-ranged lubrication
forces based on the pair drag term, ,ug = 3mnya,a,/2h;;, in
squeeze mode [27], which diverges at the surface-surface
contact point, h;; = 0. Here,a; and a, are the radii of the
interacting colloids and 7 is the viscosity of the suspending
fluid. It should be noted that the hydrodynamic interactions
are calculated for asperity-asperity and base-base inter-
actions, and neglected for asperity-base interactions as the
pair drag assumption breaks down for large particle size
ratios and those lubrication interactions are significantly
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weaker than the same size pair drag terms. Furthermore,
since in DPD formalism the explicit representation of
solvent particles ensures preservation of hydrodynamics,
FZ is only invoked when the distance between two
colloidal particles is smaller than a single solvent particle,
i.e., upon break down of the DPD hydrodynamics
[20,44,46]. We regularize the singularity of the pair drag
term at a small separation, 5§ = 10~*a. The repulsive force,
F?jﬁp = Foe_"h.e,-j,
force between the colloidal particles, and is a short-ranged
interaction potential vanishing exponentially at x~! =
0.01a distance. In this work we choose a constant value
of Fy = 103 kzT/a for the repulsion in between the base
colloidal particles. The asperity-asperity repulsion inter-
actions are intentionally ignored here to avoid a long-range
frictionlike effect arising. Each colloidal particle is a
composite construction of a base particle decorated with
small spheres with their center located at the surface of the
base particles, with a rigid body dynamic. The stress tensor
is calculated using an Irving-Kirkwood [49,50] formalism,
based on individual particle velocities, and each of the
interactions acting in between pairs of particles, 6=
(VL milvi—u(r)]@vi—u(r)]+ 220, > ;@
F, j}, where V is the total volume of the calculation box,
and u(r;) is the stream velocity on the position of the
particle across the velocity gradient direction.

Composite geometries were made from base particles of
radius a, and asperities of size b = 0.05 a as shown in
Fig. 1. There are multiple ways for changing the root mean
square roughness of a particle decorated with smaller
spheres, by changing the decoration pattern, size of the
asperities, and the number of asperities. Here, we use the
total coverage of the base particle surface by monodis-
persed spherical asperities as a measure of roughness
(asperity centers are randomly placed on the surface of
base particles). Simulations are performed on 1000 base
particles (for ¢ = 0.58), with the number of asperities
varying from 10 (~0.01 surface coverage) to 500 (~0.5
surface coverage) per base particle (shown in Fig. 1 top
row), with the total number density of 3.0 for solvent
particles and dimensionless temperature of kzT = 1.
Bimodality of the primary colloidal particles is introduced
to avoid order formation, by a volumetric ratio of 1:1
of larger colloidal particles with @’ = 1.4 a. Since the
length scale is set by the smaller asperities in our simu-
lations, small time steps of At = 1077 a(m/kgT)"> were
taken in order to minimize the overlap events between the
colloidal particles, where m is the mass of a single DPD
particle.

General flow curves of the suspensions at different
fractions of solid particles, and over a range of different
asperity-covered surface area are presented in Fig. 2. While
at intermediate volume fraction of ¢ = 0.35, introduction
of surface roughness does not change the viscosity of

represents the electrostatic double-layer

Surface Coverage:
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FIG. 2. Relative viscosity against the Peclet number for a range
of different volume fractions (¢ = 0.35, 0.48, 0.52, 0.56) and
surface area covered by the asperities.

suspensions, increasing the volume fraction to ¢ = 0.48
strengthens the shear thickening for particles with higher
surface coverage. At higher volume fractions of ¢ = 0.52,
0.56 this clearly results in a transition from CST to DST
behavior as surface roughness is increased to 0.25; how-
ever, increasing the surface coverage from 0.25 to 0.5 does
not change the overall viscosity and shear stress.
Regardless of the evident changes in the shear-thickened
state viscosity and increase of the viscosity in general,
changing the surface definition of the particles does not
change the shear-thinning behavior of the suspensions over
the range of parameters studies, nor the onset of ST.
Previous studies have shown that the onset of ST is
effectively set by the repulsive interactions in between
the particles F, [44,51]. Results here are very similar in
comparison to the Stokesian dynamics simulations of
frictional particles by Mari and co-workers [41,42], with
a fundamental difference: in the frictional contact model the
stresses are generated through particle-particle contacts,
unlike the purely hydrodynamic stresses in our model
where stresses are born in fluid phase and through small
gaps in between surface asperities.

With directions of flow, velocity gradient, and vorticity
defined as 1, 2, and 3, respectively, the first, N| =
0611 — 0y, and second, N, = 6y, — 633, normal stress
differences normalized by the Newtonian fluid stress, 6, =
noy as a function of dimensionless Peclet number are
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FIG. 3. First (left) and second (right) normal stress differences
normalized by the fluid stress, against the applied Peclet number
for a range of different volume fraction of particles, and for
smooth and rough particles.

presented in Fig. 3 for two cases of smooth and rough
particles. In contrast to the first normal stresses predicted by
the frictional contact model [41,44], the normal stress
differences predicted by our model are generally negative
in sign and large in magnitude. This is in qualitative
agreement with experimental measurements of Cwalina
and Wagner [7] for shear thickening silica suspensions of
similar volume fractions. While N, for shear thickening
suspensions is consistently negative, the negative sign of
N, is a hallmark of hydrodynamic stresses [23].

As proposed by Wyart and Cates [40], the maximum
packing fraction of colloids in the shear thickened
state decreases as rotational motion of particles becomes
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FIG. 4. Relative viscosity versus the fraction of colloidal
particles, presented for smooth and rough particles.

0.50 0.55 0.60

increasingly hindered. We fit the relative viscosities of
smooth and rough particles in the shear-thickened state
(at the highest Peclet numbers investigated in Fig. 2,
as for some volume fractions a clear ST state plateau
is not observed) to a simple empirical model, 5, =
C(1 — ¢/ Paax.)~® with a = 2.4, and the results are shown
in Fig. 4. The maximum packing fraction of solid particles
evidently decreases from ¢y,x = 0.62 for the smooth
particles to ¢y.x = 0.58 for the particles with 50% cover-
age of their area.

In summary we have shown that a detailed resolution of
hydrodynamic stresses can reproduce key features of dense
suspensions in the shear thickening regime. This further
confirms that in order to recover the DST behavior,
constraining the rotational (and/or sliding) motion of
particles through tangential forces between particles is
essential; however, we have shown here that such rolling
constraints can be introduced solely by hydrodynamic
interactions. Our results give virtually the same viscosities
in both the CST and DST regimes, as well as the maximum
packing fractions, as those predicted by a frictional contact
model. However, in our hydrodynamic model stresses are
borne by the fluid (hydrodynamics) and the model predicts
negative first and second normal stress differences in the
shear thickened state. These results strongly suggest that
while particle-particle contacts in fact occur in dense
suspensions [52] and frictional forces emerge, such a
frictional scenario is merely one mechanism for generating
the large stresses required to observe DST. The important
physics that leads to DST is the restriction of tangential
motion (both sliding and rotation) and our work shows that
hydrodynamics alone for rough particles is fully sufficient
for generating such restrictions, similar to frictional con-
tacts. An accurate solution to the lubrication interactions
between two asperities, the asperity-base particle inter-
actions, as well as underlying physics of shear reversal
or superposed oscillatory shear protocols warrant further
examination.
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