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Continuous Shear Thickening and Colloid Surfaces

J.R. Melrosé, J. H. van Vliet! and R. C. Baf
'Polymer and Colloid Group, Cavendish Laboratory, Cambridge, United Kingdom
>Theory of Condensed Matter Group, Cavendish Laboratory, Cambridge, United Kingdom
(Received 17 August 1995; revised manuscript received 10 July) 1996

We elucidate the basic physics of shear thickening in colloids from the viewpoint of the dissipative
interactions between close approaching particles. With just hard-sphere lubrication, Brownian spheres
show a logarithmic thickening at high stresses. We use a model of interactions due to porous surfaces
to show that thickening is enhanced by stronger dissipative surface forces, and compare successfully
simulation with experiment. The onset of thickening is sensitive to the degree of order and history of
shear. [S0031-9007(96)01743-7]

PACS numbers: 83.50.Qm, 82.70.Dd

Dense colloidal suspensions at high shear rates exhibihe onset of jamming is probably sensitive to both
thickening effects: a rise of viscosity with increasing sheaapplied stress and volume fraction. This Letter will
rate. At volume fractions approaching close packingexplore continuous thickening in which Brownian and
discontinuous thickening with a large jump in viscosity conservative forces lead to steady states in regions outside
can occur at a critical stress; however, at lower volumedhat where jamming occurs.
fractions and lower stresses a more continuous rise is often We now introduce our simulation technique and parti-
reported. Many systems show thickening [1], includingcle models. Modeling the flow of particles concentrated
colloids of monodisperse spherical particles [2,3]. in a hydrodynamic medium is a significant challenge. The

The microstructural origins of thickening are not re- most studied algorithm [9] involve® (N?3) inversions of
solved. Some have seen it as a general feature of nonequmatrices [10]. In the limit of high shear rates and concen-
librium phase diagrams [4] resulting from an increase inrated systems where shear thickening occurs, the diver-
particle Reynolds number, others as a mechanical instagent hydrodynamic interactions due to the relevant motion
bility of layered flow [5]. Some theories [2,5] emphasize of the surfaces of close particles must dominate the resis-
the competition between conservative repulsive forces anthnce to particle motion. We retain just these near field,
hydrodynamic forces. Some have speculated on the rolevo-body terms in our model. Others have made a simi-
of Brownian forces [3,6,7] either as a source of mechanlar approximation [13,14] but the scope of our results is
ical instability of layer flow [7] or as relaxation mecha- unprecedented.
nisms for clusters [3]. Thickening has been seen in a For hard spheres, these near field dissipative interac-
number of molecular dynamics simulations [4,8], but ations are well known. They can be divided into squeeze
simulation study of colloids [9,10] showed thickening andmodes—the leading divergent interaction—along the line
clustering due to divergent lubrication interactions. of centers and modes arising from the transverse motion

In this Letter, we will show that thickening is par- of neighbors. To leading order in the intersurface gaps
ticularly sensitive to the near field interparticle dissipa-the Reynolds lubrication squeeze mode force on a particle
tive interactions. We point out that these interactiond is given by

need be included to quantitatively understand experiment . _ _ 2(377#(12/8;11._) [(vi — v;) - n;;]n;;
and that measurements of thickening are probes of these 7 ! ! I
interactions. + 0(In(2/hij)), 1)

We think that the fundamental origins of thickening in ) ) ) ,
colloids is evident in the behavior of particle systemsWhereu is the viscosity of the solvent, the sum is over
with only dissipative interactions. We have recentlynarest neighbor particlgs h;; is the gap between the
shown [11] that at high concentrations such system§urfacesn;; is the unit vector along the line of centars
do not reach a steady state under shear due to rapi@ J; andyvi,v; are the particle velocities. We included
collapse of interparticle gaps at low applied strains. padditional logarithmic nor_lanalync terms [15] for the_
kinetic clustering theory [12] based on the shear induceddu€eze, shear, and rotation modes. The hydrodynamic,
growth of rigid rodlike clusters down the compressioncou(?'daL an_d Brownian fgrce and torque balance on each
axis predicts this rapid collapse and defines a jammingarticle to give the equation of motion
transition at a volume fraction below close packing in . _
which an infinite cluster gels at low strain before it can RV Fetbp=0. )
tumble. Such a jam is likely the origin of discontinuous The hydrodynamic force and torquds- V are related
shear thickening. In the presence of other interactionfinearly to the & velocity/angular vectorV by the
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resistance matriR formed from a sparse sum of terms The dissipative part is that of fluid flow through a
such as (1). Flow is driven by Lee-Edwards periodicpolymer coat described by the Brinkman equation—this
boundary conditions [16] on the velocity field. Nearestenhances the dissipation over (1). An expression has
neighbors are identified by the construction of Delaunayecently been given [19]. The strength of the dissipative
tetrahedra [17]. Each time step, Eq. (2) was solved foforce is controlled by a nominal porosity length scdle
V by conjugate gradient techniques (note inversiorRof (strictly within the original model, this is related to the
leads to a long-ranged and many body mobility matrix).polymer correlation length of the coat; however, here we
We use a variable time step such that particles neveallow it to vary independently). Figure 1 shows a plot of
overlap. the squeeze mode of this interaction; it is overall stronger
For Brownian simulations we generate random forcethan (1) but while around the regime of contact of the coats
and torque Fp on each particle through a sum of this force grows more steeply than (1), in the regime of
weighted pair terms on each bond such that they obey theompressed coats its divergence is weaker than (1). There
fluctuation-dissipation theorendF gz Fz) = 2kTR. Terms  are other physical mechanisms which may lead to viscous
in the gradient of the diffusion tensor are included by usénteractions differing from (1)—but we ignore these.
of an orderss> algorithm for the particle trajectory and  First, we report on thickening of Brownian and
the computation of stress at the half time step positiotHookian hard spheres with Reynolds lubrication (1). By
leads to devatoric Brownian contributions. applying conditions in which the particles under flow
In this Letter, we will use two models of the surfaces ofapproach ever closer, in one case with a shortening of
colloid particles. The first is Hookian spheres with con-the surface spring and in the other by increasing the
servative repulsive forces represented by linear repulsivstress, we find a thickening which varies as a logarithm
springs around a hydrodynamic hard sphere with dissipasf the inverse of the interparticle gap. Figure 2 shows
tive interactions given by (1). Between particieandj  the hydrodynamic contribution to the viscosity from
separated by;; the spring force is simulations at volume fractionsb = 0.48 and 0.51.
) For Brownian spheres this is plotted against the stress
fi;(r) = —n[Fo — (Fo/d)rij] i r <dc.  (3)  while for the Hookian spheres it is plotted agaifists,)
where a stiff springk = 10° is set buts its length varied
as a direct control of the interparticle gaps. In the
latter case, the viscosity increases despite a decrease in
thermodynamic phase volume. In the Brownian case,
d the inverse dimensionless stress is also a length ggale
characteristic of close approach. Equating the Brownian
forces between a pair of particlé¥ /S to that due to the

Note 6./2 sets how much the thermodynamic volume
fraction ®, that measured by the second virial co-
efficient, exceeds®, that set by the divergence of
(1). We define a dimensionless spring const&nt=
(Fo/6.)/(yud), wherey is the applied shear rate, an
a dimensionless shear rafé

W = yud?*/F. (4)
10°
For stiff springs,W < 1, these set a minimum gap
between particles ai.. We mimic a dissipative surface
layer (see below) by introducing aad hoc power @ 10°
law divergence to the viscosity insidé. by simply §
multiplying (1) and the shear terms by a factor £
>
1+ (hij/8.)P forhy < 8, G 8 10*
The linear springs have a maximal compressive Ioacg
which when exceeded determines a collapse of the sprin% ) :
into the regime of enhanced dissipation. g 10T :
The second model we take from the literature [18,19].%* |
It models a porous polymer coat on particles. The . ;
conservative part of this interaction has the form 10 107 0 07 0 10°
£5(r) = —QUT /d)n[(28.)™* — ()], Gap /diameter

ifr <o (6) FIG. 1. The dissipative force law of Refs. [19,20] and Eq. (1)
¢ of the text plotted against the gap between a pair of particles.

_ 2\9/4 15/47 nri The force is divided by the product of the relative velocity
The scale parametdd = 2II«[(T'd")"" (a/d)>"] with down the line of centers and solvent viscosity. Curves

I' the numl_)er of chains per u_nlt area, the. polymer bottom to top: Eg. (1), then with coats 0.01 diameters thick
monomer size, and a constant; here we will quUOt®  and ¢,,, = 0.001, 0.0008, 0.0006, ...,0.0002 diameters; the
as a single lumped parameter. vertical line indicates contact of the coats.
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25.0 T poor solvent (I). It is clear that the gradual thickening of
L ol ' i ] Brownian hard spheres with Reynolds lubrication cannot
> : . : :

@ 200} %—E | explain the experiment in solvent Il—but the coat model
8 10 I with Q = 50kT/d does produce a thickening response
2 ] guantitatively comparable. We do not claim to have shown
> 50| 08 10 100 "o0o 4 that the particular coat interaction is appropriate for the
_“2’ Pe ] particular system [3]—although we do use a conservative
© force comparable to that measured [3] and the porosity is
& 100 1 of the order of the interchain spacing for the system [3].
We have not examined the effect of changing the solvent

X1 ) S R R - quality directly. This will change the coat thickness,

1 100 “10000 . : .
1/(2 x coat thickness) or  (dim.stress) porosity, and gtrength simultaneously Ieadlng toa comp_lex
sensitivity which cannot be understood by simple scaling
FIG. 2. Thickening effects a® = 0.48 (squares), 0.51 (cir- arguments (it may also change the surface roughness which
cles) the hydrodynamic contribution to the viscosity plottedcyrrent models do not account for). We do conclude,

against ny Pe for Brownian spheres (closed symbols) and fecinati ;
1026, /d) for Hookian spheres (open symbols). Inset: the pre_however, that dissipation at contacting surfaces enhanced

diction (7) for the peak position in ratio to that in the actual '€lative to that of hard spheres is necessary to explain
distribution plotted against Peclet. the degree of thickening in experiment and sufficiently

described by the coat model.
There have been no previous predictions of rheology
hydrodynamic shear stress,;d?, whered is the particle in 3D reported at this volume fraction with polymer coat

diameter, determines models. In the shear thinning regime, the simulation data
lie in between the experiments both quoted at 0.5 volume
8p/d = kT /oyd® = 1/nyPe, (7) fraction. It is interesting to note the sensitivity to the

coat interaction in the thinning regime. The logarithmic
where we have introduced the shear rate Pe as théickening of the Brownian spheres is in contrast to the
Peclet number andyy the hydrodynamic contribution high shear rate Newtonian plateau of the experiment in
to the viscosity relative to that of the solvendg(/d  solvent I. However, such plateaus may be due to coats; it
is the boundary layer thickness where convection ands recovered in the simulations (Fig. 3) with coats in the
diffusion balance). We examined the distribution of theregime where the conservative forces are strong relative
gaps between nearest neighbors. For>Pabout 10 a to the applied shear forces.
broad peak appears in this distribution at small gaps Finally, we examine the role of order under flow in
and becomes more distinct the higher Pe. In the insehickening. Under flow, order exists for stiff and thick
of Fig. 2 we plot1/ny Pe divided by the gap at this enough surface “springs.” The thickening regimes of
peak—the data corroborate (7). Over the range we arEig. 3 are associated with a decline in order with increas-
able to study, the viscosity increases, but only logarithmidgng thickening—interestingly this is gradual throughout
with Peclet. Note, there is no true second Newtoniarthe thickening regime rather than a sharp order-disorder
plateau in the data—even large Pe is relevant. Althouglransition at the onset of thickening. At lower volume
we cannot rule out that the viscosity increase diminishe$ractions we can observe thickening in regimes without or-
at even higher rates, it is a common misunderstandinder. We use the Hookian spheres to illustrate different sce-
that Brownian effects are irrelevant at high shear ratesarios. With this model, if particles are pushed together
Similar conclusions have been reached by the authors @luch that the maximal forcg, is exceeded, then this de-
Refs. [9,10]. We find that varying repulsive conservativetermines a sharp transition to viscous contacting surfaces
forces does not enhance the logarithmic thickening of (1)with 8 > 0 and thickening. Inthe inset of Fig. 3 we fixed

We now compare data for real colloids. In Fig. 3 weé./d = 0.01 and 8 = 4 and varied the shear rat& at

show data for experiments on PMMA patrticles with PHS® = 0.55 and 0.48. At® = 0.55 the system is ordered
polymer coats [3] in two different solvents and silica under flow. If this system is sheared at a sequentially in-
particles [20] all circa 0.5 core volume fraction. For the creasing rate, then it is shear thinning up to the onset of
PMMA particles, one of the solvents (ll) was a poor thickening. The transition point, however, is history de-
solvent for the coat and this system shows a strong sheaendent: Starting each run from a disordered rest state
thickening response (open circles and squares). We copl@gads to an earlier onset. This occurs because stress con-
simulations of Brownian spheres with (1) and simulationscentration in disordered starting states is higher than in the
with coats of thickness 0.01 (the order of the thicknes®rdered steady state. In contrastdat= 0.48 the system
of the PHS coats) and porosity 0.0005 diameters buprior to thickening is disordered under flow and the sud-
differing strengthg) = 50, 10kT /d and compare with the den thickening is preceded by a gradual thickening. These
experimental data set at the volume fraction 0.49 in thealifferent scenarios are a feature of experiment [3].
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