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dynamics (MD) is used. Muller-Plathe reverse perturbation method is adopted to analyze the viscosities
of STFs in a two-dimensional model. The characteristic of microstructural evolution of the colloidal sus-
pensions under different shear rate is studied. The effect of diameter of colloidal particles and the phase
volume fraction on the shear thickening behavior is investigated. Under low shear rate, the two-atom

;(EJe/ :Vl‘otrgisékenin structure is formed, because of the strong particle attractions in adjacent layers. At higher shear rate,
Microstructure s the synergetic pair structure extends to layered structure along flow direction because of the increasing

Molecular dynamics hydrodynamics action. As the shear rate rises continuously, the layered structure rotates and collides
Stochastic rotation dynamics with other particles, then turned to be individual particles under extension or curve string structure
under compression. Finally, at the highest shear rate, the strings curve more severely and get into
two-dimensional cluster. The apparent viscosity of the system changes from shear-thinning behavior
to the shear-thickening behavior. This work presents valuable information for further understanding

the shear thickening mechanism.
© 2017 Elsevier Inc. All rights reserved.

1. Introduction

In recent year, shear thickening fluid (STF) as an added material
on body armor has gained substantial attention for impact absor-
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ness of the fabric show little change while the phenomenon of
shear thickening (ST), which is inherent to STF, significantly
enhances the ballistic resistance. ST phenomenon is one remark-
able non-Newtonian rheological behavior in STF, which induces
dramatic change in suspension microstructure. As a result, the vis-
cosity will increase potentially by orders of magnitude beyond a
certain shear rate. This behavior is reversible so the stress relaxes
when the external shear load is removed. ST phenomenon is
widely found in dense packed colloids or suspensions, which is also
a concern across a range of other industrial processes involving
lubricating oils, foods, powder conveying, polishing and even
within the human body [1-7]. All the applications require a funda-
mental understanding of the complex rheological behavior of the
suspension and underlying microstructure evolution during the
shear flow.

The mechanism of ST behavior in colloidal suspensions has
been discussed in some literatures. Hoffman [8] used light diffrac-
tion combined with shear rheology to investigate microstructural
details during the ST process. He proposed an order-disorder tran-
sition, in which the flow structure changes from an ordered struc-
ture to a disordered structure, which also results in an increase in
drag forces between particles. Dratler et al. [9] also thought that
there was a similar transition in suspensions microstructure at
the onset of ST phenomenon. However, other researchers [10-13]
confirmed that under some conditions, the ST behavior could occur
without order-to-disorder transition through simulation and
experiments. Up to now, the most acceptable approach is the for-
mation of “hydro-cluster” in suspensions [ 14-23], which is respon-
sible for the continuous viscosity increase during the shear process
and which has been observed for Brownian suspensions with mod-
erate volume fractions. From the research results [ 10-23], it can be
concluded that suspended particles would flow freely and get into
equilibrium state at low shear-rate, then get gathered together and
turn into dynamic equilibrium under higher shear rates. And yet,
the link between the microstructure evolution of hydro-clusters
and continuous shear thickening (CST) for non-Brownian suspen-
sions is still a matter of debate [21]. Moreover, in contrast to a con-
tinuous viscosity increase at any applied shear rate, the
discontinuous shear thickening (DST) is observed when the volume
fraction of the flowing suspension is increased above a critical
value. Some researchers [22-24] confirmed that the jamming of
suspensions took responsible for the DST. Peter et al. [22] consid-
ered DST an independent phenomenon from shear-jammed transi-
tions and jamming states, and they confirmed DST the conclusion
of frictional contacts between particles.

Besides the discussion of the origins of ST, researchers also con-
cerned about the influence factors on this special nonlinear behav-
ior, such as phase volume fraction, particle size, etc. [14,25-31].
Brown et al. [30] found that increasing the packing fraction of corn-
starch in water would eliminate the occurrence of ST phenomenon.
Zhang et al. [31] used small fume silica (14 nm) and large particle
of silica (1-5 pum) to fabricate the STF with ethylene glycol. It was
found that the 14 nm silica had significant ST effect, unlike the
large particle in the suspension. The DST behavior was also found
dependent on the system properties, e.g., particle dispersibility or
shape, as well as the flow geometry [27,28]. Even though many
researchers [32-35] have demonstrated that the viscosity is firmly
associated with the microstructure of colloidal particles in many
solutions, there is still no direct observations of the evolution
law under different influence factor of STFs and the influence
mechanism of STFs is still unclear. Although many researchers
have explored the STFs through Stokesian Dynamics [36], dissipa-
tive particle dynamics [37], and dynamic discrete element method
[38], the evolution of microstructure of colloidal particles with ST
phenomenon is still in a lack of direct observations to prove the
microscopic mechanisms of STF. Therefore, a systematic investiga-

tion on this issue should be performed. Our work concerns on the
relationships of transitions of microstructure and the viscosity
under different shear rate in STF, so as to study the mechanism
for ST phenomenon via numerical simulations.

In this work, the non-Newtonian rheological behavior of STF is
studied by a hybrid model combining the molecular dynamics
(MD) method and stochastic rotation dynamics (SRD) method. In
the next section, we briefly review the basics of the hybrid model
and the implementation of the Muller-Plathe (MP) reverse pertur-
bation method for colloidal suspensions. The computation details
are introduced at the end of this section. In Section 3, the non-
Newton rheological behavior is studied. The relationship between
the microstructural evolution and the ST behavior is analyzed.
And then the influence factor on the ST behavior is discussed.
Finally, the conclusion of the simulation results is drawn in the last
section.

2. Simulation technique
2.1. The hybrid SRD-MD mesoscopic model

The fundamental principles of the method used here have been
explained extensively elsewhere [39,40], and therefore only the
most important parts will be described here. In this work, the col-
loidal particles are modeled with MD algorithm, while the solvent
particles are simulated with SRD method. The first part of the
method is the SRD method. SRD, also known as multi-particle col-
lision dynamics (MPC), is a particle-based mesoscale simulation
method for complex fluids which fully incorporates thermal fluctu-
ations and hydrodynamic interactions. It can be seen as a “hydro-
dynamic heat bath”. In SRD, the solvent is modeled by a large
number N of point-like particles. The multi-particle system is
divided into cubic cells of regular lattices with no restriction on
the number of particles in a cell. The evolution of the system con-
sists of two steps: streaming and collision. In the streaming step,
the coordinate of each particle is incremented by its displacement
during the time step. Collisions are modeled by a simultaneous
stochastic rotation of the relative velocities of every particle in
each cell. The procedure is briefly described as followed:

Consider a set of N point particles with (continuous) coordi-
nates r;(t) and velocities »;(t). During the streaming step, the ith
SRD particle’s position at time n + 1 is calculated via the simple for-
ward Euler scheme:

= P VPAE, (1)

At is the value of the simulation timestep. For the collision step,
particles are sorted into cells, and they interact only with the parti-
cles in their own cells. Then an independent random rotation of the
relative velocities »; — u will be applied to the particles in each cell,
where the macroscopic velocity u(¢, t) is the mean velocity of the
particles in the cell with coordinate ¢. The local temperature T(¢&,t)
is defined via the mean square deviation of the particle velocities
from the mean velocity in a cell. The rotation angles of different
cells are statistically independent. Throughout the process, the local
momentum and kinetic energy are invariant. The velocity of ith par-
ticle at time step (n+ 1) during the collision step is updated from
that at time step n by:

VI = Vi REETTHV — ufe ), (2)

where R[¢(r™*1)] denotes a stochastic rotation matrix. R is taken to
be a rotation by an angle +o, with probability 1/2. The value of o
is set to be 90°. In every time step for each cell, one of these 6 pos-
sibilities is chosen with equal probability 1/3.

The second part of the hybrid mesoscopic method is description
of dynamic behavior of the colloidal particles under the interaction
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between particles. An MD simulation of the colloidal particle is
coupled to an SRD simulation of the fluid, by numerically integrat-
ing Newton’s equation of motion for the colloidal particle using the
velocity-Verlet algorithm [41] between collisions with a smaller
time step Atyp < Atsgp. The colloidal particle interacts with the sol-
vent particle in the collision step of SRD algorithm. In this step, the
solvent particles and any colloidal particles in the same cell
exchange momentum through the same collision rule as the pure
solvent particles described above. The inter-particle force in the
solvent particles system is based on the 12-6 Lennard-Jones (L-])
potential, which is given by:

g g 6
Uy(r) = {48[(r)]2 - ] forr < 3)

)

0 forr > r.

where G is the finite distance at which the inter-particle potential is
zero, € is the depth of the potential well, and r is the center-to-
center distance between the particles. €y and o, are the units of
energy and distance. And the colloidal-solvent distance o is set
to be half of colloidal-colloidal distance .. to reduce false energy
dissipation. For colloidal particles, the mass is defined as my, and
the mass of solvent particles is set as 0.01 mg. The temperature of
the simulation system is set as Tp = 1.0g,/Kz, where K is Boltz-
mann’s constant. In our simulation, the standard of time is defined

as roz(agmo/so)l/z, and the time step of MD is set as

Atyp = 0.001t9, while the timestep of SRD part is set as
Atsgp = 20Atyp = 0.0271,. Here the cut-off radius of interactions of
colloidal particles is set as r. = 5G¢. All parameters used in our sim-
ulation are in L-J units.

2.2. MP reverse perturbation method

The MP reverse perturbation method [42,43] is used in this
paper. The momentum flux is imposed on the system as follows:
The periodic simulation box is subdivided into n slaps along the
z coordinate, where n is an even number. The slabs from top to bot-
tom are marked as 1, 2, ..., n. The atoms inside the slab 1 (and its
period images) are propelled in the —x direction, and those inside
the slab (n/2 + 1) move in the +x direction. Two particles are then
identified, one in the 1st slab and the other in the (n/2 + 1)th slab,
such that their velocities, 4, are opposed to the desired streaming
direction of the corresponding slab. Then, the momentum, Apy, is
exchanged between the two particles. The entire process is
repeated at a set interval to produce the desired shear rate. The
total momentum transferred in a simulation Py is the sum of the
Apx. The system responds to the nonequilibrium situation by let-
ting momentum flow in the opposite direction via a physical mech-
anism (friction). In the steady state, the rate of momentum
transferred by momentum swaps is equal to that of momentum
flowing back through the fluid by friction. According to the total
momentum transfer, the momentum flux j,(p,) can be calculated:

b = 5 @)

where t is the length of the simulation and A = L,L,,the factor 2
arises because of the periodicity of the system. And the induced
velocity profile is composed of two approximately linear profiles
mirrored about the middle of the first and middle slab. This velocity
profile, (9vx/0z), can be related to the imposed momentum transfer
and fluid viscosity:

jz(px) =-Nn aaz;,x b (5)

In other simulations [13,36-38,44-49], the shear deformation is
introduced either by using Lees-Edwards boundary conditions or
by setting the mean velocity u in the cells at the border to the shear

velocity. Different from the nonequilibrium MD simulations, the
MP reverse perturbation method imposed the momentum through
a series of momentum exchanges between particles within the sys-
tem. And the total momentum and total energy are conserved in
the MP procedure. If the momentum transfer in the procedure
and the final shear velocity profile of the entire system can be
determined, it is simple to obtain the viscosity of the system as
shown in Eq. (5).

2.3. Computational model details

According to the results of Xiang Cheng et al. [50,51], the
microstructure evolution of the colloidal suspension mainly occurs
in the gradient plane under shear. In addition, we also set up the
three-dimensional model and two-dimensional model with the
same particle size and phase volume ratio to confirm the consis-
tency of the microstructure evolution. It is found that the ST behav-
ior and the main features of microstructure evolution are similar in
both models. Therefore, here the two-dimensional model is
adopted in the simulation. Firstly, the colloidal particles are uni-
formly arranged in the simulation box, and the solvent particles
are then added in this box. The overlap solvent particles are
detected to ensure the whole initial system in the reasonable phys-

ical configuration. Then 2 x 10° steps of equilibrium run are taken

to make all particles distributing uniformly. Finally, 5 x 10° steps
with application of certain shear rate on particles are taken to cal-
culate viscosities. The two-dimensional simulation box is at size of
L,=11.66 Gy and L, = 11.66 G,. The diameters of colloidal particles
and the volume fractions of the colloidal particles are varied for
determining the influencing rule on the ST behavior. Considering
Refs. [36-38,52] and experiments, particle diameter o, is chosen
to be 440 nm, colloidal particle density is 1.9 x 10% kg/m?>, particle
mass my is set as 8.5 x 1017 kg, and simulation temperature Ty is
considered as 293 K. The values of parameters used here are con-
sistent with the literature [52] in order of magnitude.

3. Results and discussions
3.1. Typical shear-thickening behavior in suspension solutions

The non-Newtonian rheological behavior of a typical suspen-
sion system is analyzed by hybrid SRD-MD methods. The diameter
of the colloidal particle is 1.52 Gy, the potential well depth of the L-]
potential is 1.52¢y, the corresponding distance of the zero potential
is 1.520, and the volume fraction of the colloidal particles in the
whole solution system is 58%. As shown in Fig. 1(a), the results
clearly show that such a solution system exhibits a typical CST
behavior. The shear viscosity is 3.748¢gy7o/G3 at shear rate of
0.58671;!. As the shear rate increases, the viscosity decreases first
and then reaches the minimum value of 3.541¢¢7o/C3 at the shear
rate of 1.0337;. Increasing the shear rate from this point, the vis-
cosity increases continuously. Fig. 1(b) shows the average velocity
of the layers under different shear rates. As we can see, the velocity
of each shear rate is symmetrical about the middle layer, the 11th
layer. The velocity profiles on each half side are nearly linear,
though there is a small disturbance under low shear rate.

As shown in the schematic illustration in Fig. 2, the simple shear
can be resolved into pure rotation and pure shear strain. In addi-
tion to the rotational movement, the atoms in system will be com-
pressed or extended along the +45° direction. From the initial
equilibrium configuration (Fig. 3-a), the particles of the whole sys-
tem are distributed uniformly and all particles are spaced apart
from each other. At low shear rate (Fig. 3-b), the hydrodynamic
contribution of the system is weak, and the Brownian motion is
dominated. Due to the mutual attraction between the particles,



K. Chen et al./Journal of Colloid and Interface Science 497 (2017) 378-384 381

Viscosity[aoto/oos]

3'4 ' 'l 1 1 '
0.5 1.0 L5 2.0 25

Shear Rate[1/7 ]

o

—a—1=0.586
[—o—1=1.033
| —h—y=1.714

—v—1=2.237 p
[—0—{=2.422 P~/

(=2 S )

Velocity[o/7,]
)

A

-10-9-8-7-6-54-3-2-1M1 2345678910
Layer

Fig. 1. (a) The shear viscosity versus shear rate for the Non-Newtonian suspension fluid, of which the volume fraction is 58%, the mass fraction is 70%, the colloidal particle
diameter is 1.520y, the potential well depth of the L-] potential is 1.52¢, and the corresponding distance of the zero potential is 1.52G,. (b) The velocity profiles of each layer
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Fig. 2. The schematic illustration of simple shear.

the sliding movement of the particles in adjacent layers is lagged
and the local flow resistance increases. Some small synergistic
pairs of atoms are shown in the flow field (Fig. 3-b). This local syn-
ergistic pair only exists in two or three adjacent layers. And if the
atoms in the pair move along the compression direction in the pure
shear strain, the pair will persist for a while until the direction is
changed by the rotational movement. The pair along the extension
direction is visible only in a flash, and then the atoms are split with
each other. With the increasing of shear rate, the hydrodynamics
action enhances and the atoms in adjacent atomic layers are more
compact due to the compression effect. More particles get into the

synergistic atomic pairs and extend to form several orderly layered
structures align the shear direction. (Fig. 3-c). And at higher shear
rates (Fig. 3-d), the layered structure is unstable. The layered struc-
ture rotates and the particles in adjacent layers collide with each
other and form strings of particles. The orientation of the string
is random and some of them are often curved. Same as Cheng’s
report [50,51], such string structure is in dynamic equilibrium
state, in which the particles in the chain are incorporated into or
separated from the outflow by shearing action. As the shear rate
further increases, the string structure curves more severely and
the two-dimensional clusters appear in the flow field, as shown
in Fig. 3-e. At the highest shear rate (Fig. 3-f), the two-
dimensional clusters occupy the flow field as the major
microstructure.

In general, the layered structure is aligned with the shear direc-
tion, which exerts smaller drag force to the local flow than the syn-
ergistic pair and the curve string. It results in the lowest apparent
viscosity throughout the simulation process of the colloidal sus-
pension system. And in the “layered structure” region, the appar-
ent viscosity of the system changes from shear-thinning behavior

Fig. 3. The snapshots of colloidal and solvent particles with different shear rate. (a) At zero shear rate; (b) at shear rate of 0.5861;"; (c) at shear rate of 1.0331;"; (d) at shear
rate of 1.7147,"; (e) at shear rate of 2.2371,"; (f) at shear rate of 2.4227,". The volume fraction of system is 58%, and the mass fraction is 70%. The colloidal particles are all
with diameter of 1.52G, and solvent particles are all with diameter of 0.050) in this figure.
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Table 1
Summary of the parameters in solutions with different particle diameter.
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Fig. 4. Shear viscosity versus shear rate in suspensions with different particle
diameters of &y, 1.209, 1.36G), 1.410p, 1.520,. The other parameters are listed in
Table 1.
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Fig. 5. Critical shear rate as function of colloidal particle diameter at volume
fraction of 58%, mass fraction of 70%.

to the ST behavior. In addition, with the further increase of shear
rate, the orientation of the string structure starts to deviate from
the shear direction, which generates more resistance force on the
flow with the deflection angle increasing. Therefore, the apparent
viscosity of the whole system increases with the microstructure
evolves from curve string to two-dimensional cluster.

3.2. Influences of diameter of colloidal particles

The volume fraction of colloidal particles is set as 58%, and the
mass fraction is set as 70%. The diameter of colloidal particles is set
as a variable to explore its influence on ST behavior. All parameters
are shown in Table 1. As shown in Fig. 4, the larger the diameter of
colloidal particles is, the lower the viscosity under low shear rate

Fig. 6. Shear viscosity versus shear rate in suspensions with the volume fraction of
colloidal particles varying by 52%, 54%, 56%, 58%, 60%. The colloidal particle
diameter is 1.520¢, number is 39, 41, 42, 43, 45, respectively, and other parameters
are listed in Table 1.
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Fig. 7. Critical shear rate as function of volume fraction of colloidal particles, of
which the diameter is 1.520), and other corresponding parameters are listed in
Table 1.

is. The original viscosity is 4.256 €To/03 at shear rate of 0.52 15!
for solution with particle diameter of G, while that is
3.748¢¢70 /03 at shear rate of 0.5867;' for solution with particle
diameter of 1.52G4. However, the results are reversed at high shear
rates. The maximum viscosity is 4.132¢,7o/0; at shear rate of
2.6507;! for solution with particle diameter of oo, while that is
4.538¢0To/03 at shear rate of 2.422t;! for solution with particle
diameter of 1.520y. Totally, the apparent viscosity first shows the
shear-thinning behavior and then CST behavior with the increase
of shear rate. Here we define the shear rate corresponding to
the lowest apparent viscosity as the critical shear rate, at which
the rheological behavior changes from shear-thinning to ST. And the



K. Chen et al./Journal of Colloid and Interface Science 497 (2017) 378-384 383

critical shear rate vs. particle diameter is plotted in Fig. 5. It shows
that as the particle diameter increases, the critical shear rate
decreases. In the simulation system, as the particle diameter
increases, the increased attraction between particles induces that
the layered structure can form in smaller shear rate. On the other
hand, the increased repulsive force makes the layered structure
more unstable, which leads to the earlier transition to ST under
hydrodynamics action. Therefore, solution with bigger particle size
can get into the ST state at smaller shear rate. Comparing with the
experiment data in references [11,37], the tendency of critical
shear rate vs. diameter in our simulation is credible.

3.3. Influences of volume fraction of colloidal particles

The volume fraction of colloidal particles is also taken into con-
sideration to see if there is any influence on ST effects. In this per-
iod, the diameter of colloidal particles is set as 1.52aq, the
corresponding parameters are taken as listed in Table 1. The num-
ber of colloidal particles varies by 39, 41, 42, 43 and 45, to achieve
the volume fraction of 52%, 54%, 56%, 58% and 60%, respectively.
Generally, evident ST behaviors can be seen in all simulated solu-
tions. The calculated viscosities are positively correlated with the
volume fractions of colloidal particles over shear rates. In detail,
at low volume fraction (i.e. 52%), the original viscosity is
2.934¢¢To/03, the minimum viscosity is 2.729¢,To/03, and the
maximum viscosity is 3.739gTo/03. At high volume fraction like
60%, the original viscosity is 4.631&¢To/03, the minimum viscosity
is 4.025¢970/03, and the maximum viscosity during ST stage is
5.042¢070/03. The degree of ST at volume fraction of 52% is far lar-
ger than that at volume fraction of 60%, which is defined as the
maximum viscosity divided by the original viscosity. All is shown
in Fig. 6. The critical shear rate vs. particle diameter is plotted in
Fig. 7. It shows that as the volume fraction of colloidal particles
increases, the critical shear rate decreases. With the increase of
phase volume fraction, there is more collision probability between
different particles. The number of synergistic pair should be
increased and the layered structure can be formed at a smaller
shear rate. Since the opportunity of collision between the particles
in layered structure and other particles increases, the layered
structure becomes even more unstable. It makes the whole system
get into the ST state earlier. Thus, the critical shear rate reduces
when the volume fraction increases within limits, as shown in
Fig. 6. The influence of volume fraction on ST behavior in this work
is consistent with both experimental and simulation data in refer-
ences [31,53,54].

4. Conclusion

On the basis of the reported approaches [39-43], the hybrid
SRD-MD mesoscale method with MP reverse perturbation algo-
rithm is adopted to study the non-Newton rheological behaviors
of STF. The evolution of microstructure of colloidal particles is
firmly connected to the change of apparent viscosity under differ-
ent shear rates in colloidal suspensions, consistent with results in
previous literatures [32-35]. As the shear rate raises, the
microstructure of colloidal particles changes to two-atom struc-
tures, layered structures, curve string structures, and finally
two-dimensional clusters, corresponding to the viscosity first
decreasing, then increasing, and finally reaching its maximum
value. Under low shear rates, the hydrodynamic action is weak,
which induces that two or three atoms in adjacent layers to be
combined as a synergetic pair due to the attraction between parti-
cles. At higher shear rates, the synergetic pair structure extends
because of the increasing hydrodynamics action, and transforms
into a layered structure along flow direction. Since the layered

structure has the lowest resistance to the local flow, the whole
system shows the lowest apparent viscosity at that moment and
can be regarded as a transition region, from which the apparent
viscosity of the system changes from shear-thinning behavior to
the ST behavior. Then, as the shear rate raises continuously, the
layered structure is unstable. These layered structures rotate and
collide with particles in adjacent layers to form a particle string.
The orientation of these strings is random, and some of them are
in a curve state. And with the orientation of the string structure
deviating from the shear direction, more resistance acts on the
flow, which results in continuous ST behavior occurring with shear
rate increasing. At the highest shear rate, the strings curve more
severely and get into two-dimensional cluster. This correspon-
dence between microstructure and viscosity under shear in STF is
consistent well with the mechanism of “hydro-cluster” [14-23].
The influence of particle diameter and volume fraction of colloidal
particle on the evolution of colloidal particle microstructure during
ST are also investigated from the perspective of mesoscale particle
simulation in this work, which is in good agreement with the
results in previous literatures [11,27,37,52-54]. This work can also
guide the further work in laboratory experiments of preparing
remarkable STFs. Closer correspondence between simulation
and experiment and more impact factors in the field of colloid and
interface science, like the temperature, surface modification and
others, will be explored in our further work.
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