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of concentrated colloidal dispersions
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The particle size dependence of the reversible shear thickening transition in dense colloidal
suspensions is explored. Five suspensions of monodisperse silica are synthesized vidghe Sto
synthesis. The physicochemical properties of the dispersions are quantified using transmission
electron microscopy, dynamic light scattering, small angle light scattering, electrophoresis, and
viscometry. Rheology measurements indicate a critical stress marking the onset of reversible shear
thickening that depends on the dispersion’s particle size, concentration, polydispersity, and
interparticle interactions. A simplified two particle force balance between the interparticle repulsive
forces and the hydrodynamic compressive forces is used to derive a scaling relationship between
this critical shear stress and the suspension properties. The scaling is tested against the fully
characterized silica dispersions, which span nearly a decade in particle size. Furthermore, bimodal
mixtures of the dispersions are employed to evaluate the accuracy of the scaling to predict the
critical shear stress for dispersions with varying degrees of polydispersity. The success of the
scaling supports the hydrocluster mechanism for shear thickening and suggests methods for
controlling shear thickening by tailoring particle properties. 2601 American Institute of Physics.
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I. INTRODUCTION also of technological relevance for numerous industrial prod-
ucts such as paints, lubricants, pharmaceutical, and micro-

Colloidal dispersions in strong viscous flows can exhibitaprasives that are often processed at high shear rates and

a unique transition that is characterized by a Self-gyregses. Improving the performance of these materials often
organization into stress-bearing clusters, often denoted byyqires delicate tailoring of the physicochemical properties
the term “hydroclusters.” This self-organized microstructure of the dispersions. Consequently, alterations in the particle’s

IS thought to.be.a consequence of the dominance of hydroﬁroperties may require new processing conditions, or risk the
dynamic lubrication forces, whereby the flow generates tran-

; . Bossibility of encountering shear thickening, which can
sient packed clusters of particles separated from one another . . ) .
: : Cause equipment damage and failure, as well as irreversible
only by a thin solvent layer. Percolation of these hydroclus- . . .
o ) . .~ aggregation of the dispersion.
ters leads to “jamming,” or the discontinuous, often erratic The relationship between particle proerties in a disper
increase in shear viscosity at a critical shear stress. Evidence te re]a Oths' kp © Ee Ft))a thp OpE. ets- a dispe
for the hydrodynamic basis of this phenomenon is provided'°" S,ea§’5’9{(1:2_‘312'29 as ee? he sy jﬁckln.numt()arous
by rheo-optical experimenitd and stress-jump rheological |nvest|§g6atlon T review ot shear thickening by
measurements.Simulation predictions by Bradyand co- Barmnes’ summarizes the various suspended phase param-
workers using the method of Stokesian dynamics, and latepters influencing shear thickening: particle size, polydisper-
by Boersma and co-workérand Melrose and co-workérd sity, shape, and interactions, as well as the properties of the
provide computational evidence of the mechanism, whereggontinuous phase. In the review, Bamnes regressed shear
understanding of the microstructure resulting from the singucritical shear rate for shear thickening scaled as the inverse
lar nature of lubrication hydrodynamics. It should be notedof the particle radius squared. However, in drawing this con-
that there are only limited measurements of the actual stres§lusion he did not consider the underlying microstructural
induced microstructuré;®**such that comparison of theory changes that facilitated shear thickening. Alternatively,
and experiment are limited at present to macroscopic rhed4offmant®?presented a physical model for shear thickening
logical response. Although the basic mechanism of shedpased on the balance between interparticle and shear forces.
thickening is thought to be understood, detailed experimentdh deriving the relationship, he surmised shear thickening
tests that isolate the parameters controlling shear thickeningccurred when lubrication forces between neighboring par-
are lacking. ticles in a highly organized, layered flow induced particles to
Control of shear thickening in colloidal dispersions is rotate out of alignment and destabilized the fl@enoted as

an order—disorder transitipnLater, Boersmaet al® fur-
dAuthor to whom correspondence should be addressed; electronic mait.hered Hoffman'®’ _appro_ach and §!mpllfled the force_ bal-
wagner@che.udel.edu ance to render a dimensionless critical shear rate, which was
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used to correlate the shear thickening from a number of disthe time required for a doublet to decouple due to repulsive
persions. In their mod&t® shear thickening occurs when hy- interparticle forces. In their analysis the rate at which a dou-
drodynamic lubrication forces exceed interparticle forcesblet separates is determined by the ratio of the hydrodynamic
which destabilizes particles flowing in a layered structuredrag to the effective spring constant of the interparticle in-
and results in an increase in viscosity due to increased inteteraction calculated at a characteristic separation distance.
particle interactions. This separation distance is given by a force balance similar
Boersma and co-workers evaluated their model for preto that used by Boersmet al® and Bender and Wagnét,
dicting the onset of shear thickening against six dispersionwho balanced the hydrodynamic and interparticle forces. Al-
of various particle types, sizes, and polydispersities. Howthough not predictive as presented, the resulting criterion
ever, because the dispersions lacked congruency, they weveas able to rationalize the results of their restricted Stokesian
not able to systematically isolate and investigate the effectdynamics simulations.
of each parameter independently. Further, their analysis fo- The simulations underlying these arguments have been
cused on electrostatic forces while neglecting van der Waalgreformed primarily on near or actual hard sphere systems. A
and Brownian forces, which may have contributed substankey issue in the simulations is resolving the details of the
tially to the overall interparticle interactions for some of the hydrodynamic interactions for particles in close approath,
dispersions investigated. Finally, the premise that sheasuch that mathematically smooth hard-spheres actually
thickening necessarily occurs from an order to disorder tran-jam” and cannot flow. A consequence of the extensive
sition has been refuted by measurements of the microstrugimulation work is that the detailed behavior of a shear thick-
ture change accompanying shear thickening, which suppor@hing system is known to be extremely sensitive to the de-
the mechanism first suggested by the Stokesian dynamidgils of the interparticle forces and hydrodynamic properties
simulations of Bossis and Brafly?* as verified by Of the particles on the level of the surface roughness,
other§?2%that shear thickening results from the formation angstroms to nanometgrd\Nearly, but not all, of the previ-
of a nonequilibrium, self-organized microstructure that de-ous work has investigated polymeric or oxide dispersions
velops under strong flows, denoted as “hydroclusters.” with grafted or adsorbed surfactant, leading to substantial
SANS measurements of the shear induceduncertainty about these forces on this length scale. Further,
microstructuré®11131524-26nq associated rheo-optitafs dispersion forces will be substantial for systems that are not

and Stress_jump measureméﬁtsjemonstrated that Shear index matChed, and the role of the attractive interactions on
thickening is a consequence of greatly increased lubricatiof’€ onset and mechanism of shear thickening has not been
stresses associated with the hydrocluster formation. Bend&stablished. Thus to compare better with the current level of
and Wagnée® translated the concept of hydrocluster forma-theoretical understanding, a model system of stable, smooth,
tion as the mechanism of reversible shear thickening int¢&hemically homogeneous, monodisperse, and index matched
predictions of a critical stress for shear thickening by explic-Particles covering a broad range of sizes with tunable surface
itly considering the balance between interparticle and hydroProperties is required. Previous work with coated kgt
dynamic forces acting between two particles. A mean fieldilica particled**#"2*~*suggest this as a nearly optimal sys-
correction was introduced to account for the added hydrodytem for further investigation. _ _

namic forces associated with the finite particle concentration. !N this work, we explore the effects of particle size and
This resulted in predictions of a critical stress for the onset ofNcentration on reversible shear thickening by performing

shear thickening that was successful in predicting the behayh€clogical measurements on a set of chemically similar,
ior of concentrated, hard-sphere dispersions. nearly monodlspgrse S_ner §|I|ca d|§per5|ons Fhat span
Chow and ZukoskP2* were able to partially scale the nearly a decad_e in particle size. A silane coupling agent is
shear rates at which their model, charge stabilized suspefS€d t0 neutralize nearly all of the surface charge and enable
sions shear thickened by a characteristic time given by thdiSPersing the particles in an index matching solvent. The
ratio of the solvent viscosity to the suspension’s static elasti€T€CtS of particle polydispersity are tested with bimodal dis-
modulus(the suspensions exhibited apparent yield stressesPersions created from combinations of the former suspen-
It was postulated that if the shear rates exceed the time rSions. The meas_urements_ are used to critically test the afore-
quired for density fluctuations to relax, which is proportional Mentioned scaling predictions for the onset of shear
to this characteristic time, stress fluctuations cannot relax anfi'ckening and an improved, predictive method for determin-
shear thickening is induced. The fact that shear thickeningﬂqg the onset of shear thickening is presented.
was not observed in their systems for volume fractions below
50% was rat_ionalized by arg_uing that particle diffusiqn isl%' METHODOLOGY
reduced at higher concentrations and that the relaxation o
the fluctuations is proportional to this self-diffusivity and the A set of chemically analogous dispersions are synthe-
characteristic time. This argument introduced the concept ofized via the Stoer synthesi€®—*! where seeded growth is
a competition between time scales that has been recentlysed to vary particle size. The reaction is terminated by add-
expanded upon and quantified by Melrose anding a stoichiometric quantity of a silane coupling agent,
co-workers®?® They postulated an additional criterion for 3-(trimethoxysily) propyl methacrylatéTPM), which elimi-
shear thickening, relating the critical shear rate to the chamates most(>99%), but not all, of the surface silanol
acteristic relaxation time of a particle doublet. The argumengroups2>3? The particles are resuspended in an index
is a competition of time scales for convection due to shear venatched organic solvent, tetrahydrofurfuryl alcor@agent
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grade Aldrich, p=1.054 g/cm, né°=1.4512, uw="5.44ch, particles(2.5) derived by Einstein. Dilution viscometry ex-
by repetitive centrifugation and suspending. The matching operiments also provide an indication of the interparticle in-
the refractive indices minimizes the attractive dispersiorteractions through the Huggins coefficiert, . Deviations
forces, such that the resulting suspensions are weakly the Huggins coefficient from a hard sphere valuexqf
charge-stabilized and can be considered near hard-spherel (Refs. 39, 40 can be attributed to residual charges from
dispersions. unreacted silanol groups on the surface of the particté.

Full characterization of the particle size, polydispersity, Estimates of the charge can be made from electrophoresis
density, and surface charge is required to unambiguously tesixperiments, but previously have been limited to solutions in
models for the shear thickening transition. Particle size dispolar solvent$®3! Similar measurements in organic sol-
tributions (PSD are measured and verified using transmis-vents, such as THFFA, have been difficult because of the
sion electron microscopyTEM), dynamic light scattering low silanol dissociatiod® Here, we exploit the increased
(DLS), and small angle neutron scatteritANS). TEM  sensitivity of a heterodyne Zeta PALS instrument to measure
measurements consist of imaging a minimum of 200 parthe particle mobilities directly in the THFFA solvent. The
ticles per suspension with a Philips 400 electron microscopenobilities, », are then converted to zeta potentialsusing
calibrated against a 0.am diffraction grating coated with the Hickel equation, which serve as approximations for the
261 nm polystyrene beads. The particle diameter is detesurface potentialyss. Measurements spanning a range of
mined by averaging the major and minor ellipsoidal axis, asoncentrations and voltages verify that the zeta potential val-
well_as calculating it from the measured area usithg ues are independent of the applied voltage and concentration
= J(4Area/r). DLS experiments consist of measuring the within the range of the investigation.
characteristic decay timd’("1) of the intensity autocorrela- The rheological measurements are conducted on a
tion function as a function of wave vect) at three solids  Bohlin CS controlled stress rheometer. The rheometer has a
concentrations for each Suspension to insure that the inﬁnitﬁ)rque range of 0.001-10 mNm with a torque resolution of
dilution approximation is valid. The decay time yields the 0.0002 mNm and an angular deflection resolution of 1.6
diffusion coefficients ad”=Dg°+ 6o, WhereOg is the  ,rad. The data reported here is produced with several tools
rotational diffusivity andD g is the bare particle translational gnd geometries including: 40 mm-4°, 40 mm-1°, 20 mm-4°,
diffusivity given by Do=(kgT/67pa) from which the par-  and 20 mm-1° cone and plates. Additional tests with a 20
ticle radius,a, is determined. mm parallel plate and a Couette cdIN 25 mm) verified

For small particleg<300 nm), SANS provides another that the results are independent of geometry. Previous inves-
measure of the PSD. The experiments and analyses are dgjations on the rheology of concentrated dispersions have
scribed in detail in Ref. 32. The particle size and polydispershown that the shear history can have a profound impact on

sity are determined from fitting data obtained from dilutethe experiments. Therefore, the following protocol is strictly
dispersions, whereas the interaction potential is obtainedqnered to for all measurements:

from scattering from more concentrated dispersions. SANS

measurements for concentrated solutions, such $(g) (1) A 3 min stress ramp from 0.1 Pa to 4700 Pa to remove
#1, can be used within the context of DLVO theory to ex-  shear history effects;

tract the surface potential and Debye screening length, d@) A 2 min creep experiment at a shear rate of 1 fol-

described previousl$?33Index matching minimizes van der lowed by 30 s recovery; -
Waals interactions, so only electrostatic interactions and3) A stress sweep from 0.5 Pa to 4700 Pa obtaining 20
hard-core excluded volume effects are considered. logarithmically spaced points. The sample was allowed

Particle densities are estimated by dilution viscometry  to equilibrate for 10 s before each stress measurement
and solution densitometry measurements. Past investigations followed by averaging the viscosity response for 20 s.
using Ster silica suggest a particle microporosfty’® that Note: The maximum stress for dilute suspensions was
may be a function of particle siZé,which leads to a lower dictated by centrifugal forces.
apparent particle density than the Si@nsity. Others, how- (4) A stress sweep from 0.06 Pa to 10 Pa with 1 min equili-
ever, report better correlations in viscometry measurements bration and 2 min averaging.
using a nonmicroporous estimate for the particle derféity. (5) A stress sweep near the critical shear stress collecting 30
Here, the SiQ@ density is calculated from solutiomHFFA) points with 10 s equilibration and 20 s averaging.
densitometry measurements at various solids weight frad6) A frequency sweep from 0.1 to 100 Hz at 1% strain.
tions using a volumetric balance assuming ideal mixfhg. (7) A 2 min creep experiment at a shear rate of  fl-
Weight fractions are determined from measuring the remain-  lowed by 30 s recovery.

ing powder mass after drying the samples at 130 °C for at
least 8 h. Measurements of the weight fraction for dryingData sets that exhibited substantial differences between the

times longer tha 8 h showed no changes. first and last creep experiments, which were thought to be
The hydrodynamic particle density is determined fromdue to drying effects, were rejected and a new sample was

low concentration zero shear viscometry data, where the zertgsted.

shear viscosity can be approximated as a Taylor series ex- The transition to the shear thickening regime for very

pansion in volume fraction. The apparent particle densitysmall particle sizes can occur at high shear rates, where the

Pparticles 1S then extracted by comparing the measured intrin-onset of secondary flows is a concern. We model the second-

sic viscosity[ 7] with the dilute limiting value for spherical ary flow effects for each tooling using rheological data from
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Newtonian silicone oils fit to the following scaling the zero shear viscosity data to the Krieger—Dougherty

relationship*! relationshi’ [Eq. (4)] using ¢mayx @s an adjustable fitting
parameter,
7=15(1+\ RE). (1)
Here, 7 is the apparent shear stressg, is the stress without fu=|1— ¢ | >>Pmax 4)
secondary flows, Re is the Reynolds number H Pma '

(=pQB?R? 7,), and\ is a tool specific parameter that is

evaluated separately for each cafe=20:20 mm-1°, 400:

40 mm-1°, 0.25: 20 mm-4°, 3: 40 mm¥%°The model is !ll. THEORY: SCALING FOR THE ONSET

subsequently used to subtract viscosity increases attributed fof SHEAR THICKENING

energy dissipated in secondary flows as predicted byBq. The “critical” shear stress, viscosity, and shear rate at
P'ast mvestlgapons.have reported grltlcal stress valuetsne shear thickening point are determined by fitting the

marking shear thickening that vary with rheometer gapyq, ple |ogarithmic plots of viscosity vs shear strébsth

thickness* We verify that the critical stress values reported ascending and descending déta each suspension to a qua-

here are independent of gap thickness through measuremenS,ic c,rve. The “critical stress’, is defined to be the

of individual samplg Ioad!ngs using 20 mm parallel p_IatesStress at the minimum, and the “critical shear rate” cal-

wherg the gap size is varied from 10pn tq 20 um. Th's culated from the “critical shear viscosity%. and7.. These

experimental data was also used to determine the slip velock, ameters are taken to mark the onset of shear thickening,

ties at various applied stress levéisFurther, the rheology  4ithough the initial formation of hydroclusters in the shear-

was verified to be independent of the measurement technquﬁg dispersion may precede this upturn in shear viscddity.

by successful comparison of measurements for both thepaqge harameters are used to test the following scaling argu-
HS1000 and HS600 dispersions at several concentrations Onients for the onset of shear thickening.

tained on a RMS 800 rate controlled rheometer with those

obtained on the Bohlin CS rheometer. acteristic separation between particles. Two particles are

_ Wwe (_axplo_|t the sensitivity of the zero shear viscosity to placed in the plane of shear oriented along the compression
interparticle interactions to the weak electrostatic interac-

i o : : axis and the forces driving particles together are balanced
tions arising from residual surface charges. At high conceny ainst the repulsive forces due to interpartitle., electro-

trations where the samples show evidence of an appareg
yield stress, “zero shear” viscosities are extracted from OUkor hard spheres proposed by Bender and Wadnisfines a

The scalings derived from force balances assume a char-

_Grant;j The measurements at low stress are plotted accorqypjcation hydrodynamic force, with a mean-field correction
Ing to for the suspension viscosity, to the Brownian fofEe. (5)],
7=KY%%+ 7yieiq 2 _

) Br F hydrodynamié 7c) 377:“6‘3 Ye/2h e
and extrapolated to zero shear rate to determine the apparent 7cr = F srownian = aIng(r) ;
yield stressry;eiq. Congruence from measurements on mul- _kBTa—r
tiple instruments and tooling demonstrates we are measuring r=2a+h
yielding and not slip. The zero shear viscosity is obtained by 37ra2h
subtracting this yield stress from the measured stress and = JIng(n) . (5)
averaging the resultant low shear viscosities. _ kBT—g

For dilute dispersions the zero shear viscosities are de- ar r=2a+h

termined directly from Ubbelhode viscometry measure-

ments. These data sets are combined to yield the dependendere, u is the solvent viscositykg is Boltzmann’s constant,

of the zero shear viscosity on volume fraction. This informa-T is absolute temperaturg(r) is the equilibrium pair distri-

tion can be used to gauge the influence of the residual, weakution function, which is a function of center to center sepa-
electrostatic interactions on the rheology through considerration distancer), and 7., ., and 7. are the shear stress,
ation of the effective hard-sphere particle volume that yieldsshear rate, and viscosity, respectively, at the shear thickening
the equivalent viscosity as the measured suspeﬁ%i”c?n. point. Some details of this derivation and the basis for the
Electrostatic repulsions lead to an effective hard-sphere ramean-field correction are given in the Appendix.

dius greater than the actual core and thus, decrease the maxi- In the above expression the forces are evaluated at the
mum packing fraction of the dispersion. An empirical rela- characteristic separation distance of the particle surfaces

tion can be used to model this increase: =r—2a given by the following expressioh*
Betectve=b| 1+ — 3 &) 0.71)*3
effective Ka h/a=2 (7) —1} (6)

The parameter is obtained from matching the maximum
packing fraction to that for hard spheres, which is taken to b&his scaling for the average separation is derived by disper-
0.58%¢ The maximum packing fraction is obtained by fitting sions with liquidlike structure, which can flow with a maxi-
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mum_packing fraction of 0.71, as reported by de Kruif The effective spring constant for electrostatically stabilized
et al** Other choices are appropriate for ordered dispetsonparticles is given by the derivative of the nonlinear electro-
7o is expected to be of order one at the onset of reversstatic force acting between charged colléftisvith constant

ible shear thickening. This scaling is derived by exploitingsurface potentia)

the fact that shear thickening is driven by the onset of hy-
drocluster formation, which itself is a consequence of the
dominance of shear driven lubrication forces over all other
colloidal forces (assumed by Bender and Wagner to be

d
(hp) = ﬁ FelectrostatitN) | h=h,

khy
Brownian motion. Notice that for hard sphere dispersions, = 2,2
: n _ - p p " 27T€06rl/lsK a m) (10
this approach predicts the critical stress for shear thickening,
7¢', should scale inversely with particle size cubed. In the aboveg, is the permittivity of the vacuum ang, is

~ This approach can be readily extended to charge stabihe permittivity of the solvent. Thus, the scaling proposed by
lized dispersions by appropriate inclusion of the electrostatiqje|rose and Baff predicts shear thickening will occur when

repulsive force in the balance. Boersratal® considered M a(h)/K(h,)]>1. From this, a dimensionless critical
non-Brownian, micron-sized dispersions dominated byshear rate is derived as a Peclet number,

strong electrostatic stabilization. As per Boersetal, we

.. . : 2
take as a characteristic value of the electrostatic force that - 3mpycalZhy, 11
obtained from the linearized Derjaguin approximation of the ' 2 o e *Mm
solution of the Poisson—Boltzmann equaffofor the con- 2mE€r 5K A 1re m)?

stant potential, evaluated at the particle surface. Taking the .
ratio of the hydrodynamic force between two isolated  |he above equations are to be evaluated at the charac-

spheres to the electrostatic force at contact yields a dimereristic interparticle separation distance at the point of shear

sionless critical shear rate in the form of a Peclet number, thickening. Unlike the previous approaches where this dis-
tance is specified geometrically, the characteristic separation

distanceh,,, is set by the balance between the shear forces
and the repulsive electrostatic forces. The shearing force
driving the particle pair together is taken to scale as the ap-
plied stress times the cross sectional area, which is estimated
by the particle diameter squared, while the same nonlinear
electrostatic repulsion is assumed to be the dominate repul-
%ive force. This leads to the following expression that is to be

solved for h,, by taking the applied stress at the point of

P({Iec: thdrodynamié ')’c) _ 377',003.3 ');C/Zh .
' FelectrostaitN—0)  27ege, Yskal2

Note that Boersmat al. proposed a similar scaling, which
differs only in the numerical prefactor, from considering
Hoffman’s proposed order—disorder mechanism.

The mean-field correction can be applied to this scalin
to yield a critical stress prediction as

()

see 3TTca/2h shear thickeningthe critical stressas
Ter — 2 ' (8) _«h
27Teoe,¢SKa/2 4 ) ) ) xae m (12)
a‘= —.
Although the size dependence is not as obvious as that ob- Te T ¢51+e i

e e e Mellose was e t0 Vel he valy of te above ap
) 1arg . proach by rationalizing the results of his restricted Stokesian
strengths typical of concentrated, highly charged, stable di

. . Dynamics simulations. These simulations, however, ne-
E:l;zjlf?lgsinig?g;itivimep;:rrtlitg:lsiszt'i‘;dm shear rafe scales glected many-body hydrodynamic interactions. The domi-

. . ! . nant effect of these interactions would be to further retard the
Explicit consideration of the dynamics of hydrocluster

! 2 rate at which a particle pair in close proximity relaxes., to
formation bY Melrose apd B&ﬁ leads to the 'speC|f|(':at|on“0f stablize the hydrocluster structurdJsing the concepts of
a characteristic relaxation time for a particle pair to “de-

couple.” Hvdroclusters are exnected to arow only when thishydredynamic preaveragirig;**~>! this effect can be ac-
re(,\)llzjigzietion t)i/mgisusree:a?er t?wem ?ﬁg (?har(;gteorist(i)c t?/me for Cor?counted for to first order by replacing the solvent viscosity in
9 the expression fowr(h) with the suspension’s hydrodynamic

vection, which scales inversely with the appl_led shear rate. Ir\]/iscosity. Further, commensurate with the approximations of
this manner, the hydrocluster cannot be driven apart by th

) . L ., Bender and Wagner, the product of hydrodynamic viscosity
mFerpartche forces before being “recompressed” by the AP"and shear rate can be taken to be the actual applied stress.
plied flow. With this mean-field hydrodynamic correction, E¢L1)

The lifetime of a doublet, which is a taken as Ch""r"’mer'takes the form of a reduced critical stress for shear thicken-

istic of the hydrocluster, is given by the ratio of the interpar-,

ticle hydrodynamic resistance coefficiea{h,,), to the “ef- ng:
fective spring constant” between particlesK(hy,) M 3mwr.al2hy,
=dF(h)/dh[,_ , evaluated at a characteristic particle Ter = ) 5 e <m - (13
separation,h,,,. The interparticle resistance coefficient is 2me€ hsk am
given by
5 Note that this correction is already inherent in the determi-
a(hy)= M_ (9) natior_1 of the mean partit_:l_e separat[m, Eq.(12)] through
2hp the direct use of the critical stress in the force balance.
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AL L B . . . s particle concentration. The solution of this equationis;,
=1.453, which when substituted into Ed.2) yields

2

TCZO.024M, (14
a Ib

where |, is the Bjerrum length defined byl,
=e?/(4meepkgT), and W= ye/kgT is the dimensionless
surface potential. For a series of suspensions where
(Ka)‘Ifgwconstant, the critical stress would scale inversely
with the particle surface areara 2. However, the model
suggests that a more complex size and concentration scaling
may be observed due to the size dependenceaid Wy.

%

50 55 60 65 70 75 80 85 90 95 100 IV. RESULTS
o (nm) . .
The particles are observed to be nearly monodisperse,

FIG. 1. Particle size distribution histogram for the HS75 dispersion obtainecgpherica| and well dispersed in THFFA. The inset in Fig. 1
from TEM measurements. The inset shows a photograph obtained froap\ws a TEM image of the HS75 dispersion, with the ac-
TEM measurements at a magnification of 60 000. . . . L . .

companying particle size distributioqf?SD histogram. The

number average diameter obtained from the TEM analysis is

75.0+= 7.3 nm corresponding to a polydispersity of 9.7%. The
The size scaling in the above balances is nontrivial as theesults of the sizing analysis as well as the other character-
surface potential and suspension ionic strength may deperngation measurements are summarized in Table I. Table |
on particle size. However, as will be shown, for the concenshows that the particle diameters determined from DLS mea-
trated suspensions considered here, these balances yield crigisrements typically range from 5% to 25% larger than the
cal shear rates and stresses that scale approximately invers@igrticle diameters determined from TEM measurements.
with particle size squared. This is a consequence of the intensity squared weighted dis-

Finally, we note that the analysis presented by Melroséribution obtained from DLS measurements, as compared to
and Ball was not predictive as the measured critical stresthe number weighted particle diameter obtained from TEM
was required to calculate the characteristic separation digexperiments. For the smaller particles within the range of
tance. However, with the mean-field correction, the equatiorsizes accessible by SANS, the measured diameters obtained
for the critical stres$Eq. (13)] can be used with the force from fitting the form factors measured in dilute dispersions
balance[Eq. (12)] to determine both the critical stress and are close to the TEM measured diameters, as are the particle
separation distance simultaneously for a well characterizedolydispersities. The ratio of the major to minor ellipsoidal
dispersion. This enables the method to be predictive, as folhxes @/b) obtained from TEM experiments indicate the par-
lows. ticles are spherical, which is further supported by the negli-
Setting 72’::1 in Eqg. (13) and substitutingr, from Eq.  gibly small rotational diffusion coefficients determined from

(12) leads to a relation for the characteristic separation disbLS experiments.
tanceh,, in the incipient hydrocluster state, which is ob- The zeta potentials measured by electrophoresis mea-
served to only depend directly upasi 1, the Debye length. surements range from42 mV to —90 mV, which in terms
However, for samples without significant added electrolyte of a dimensionless potential¢/kgT) range from—1.5 to
the counterion concentration and hence, the Debye length;3.3. As reported in Ref. 32, SANS spectra from concen-
will depend on the surface charge density, particle size, anttated dispersions of HS75 can be successfully fit with a

TABLE I. Particle characterization summary.

HS75 HS150 HS300 HS600 HS1000
orem (NM) 75+7.3 167.3+14.8 302.6:26.2 608.6-80.8 656.4-64.3
opLs (NM) 88.8+0.8 177.8+4.1 330.719.5 633.1-114.4 845.53-184.8
Tsans (NM) 71.0+7.0 162.0+14.3 318.@16.7
a/b 1.07+0.06 1.04-0.03 1.03-0.02 1.04-0.1 1.03-0.04
0y (s —100.5+1.0 —2.94+7.6 2.92-14.1 60.4-5.9 8.2-68.6
£ (mV) —42.6+4.7 —72.1+53 —42.3+75 —92.7+13.1 ~68.2:6.5
ka(¢$=0.5) 13.2+1.3 28.5:2.5 41.7-3.62 87.1-11.6 89.9-8.8
Brmax 0.38 0.38 0.46 0.52 0.51
@ 1.8 3.9 3.3 3.2 3.9
K 3.78-1.24 2.28-1.24 0.61.93 1.18-2.46 3.6:1.24
psio, (glcn?) 1.70+0.01 1.90+0.01 1.82-0.01 1.85-0.01 1.76-0.04
Pparticie (@/CIT) 1.45+0.02 2.16+0.02 1.82+0.08 1.87-0.13 1.77-0.10
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Yukawa potential using the measured zeta potential as the " ' T i '
surface potential. A hard-sphere potential fails to adequately
describe the structure factor of the dispersion. The SANS and
the Zeta PALS measurements quantify that in excess of 98%
of the surface silanol groups were reacted with the silane
coupling agent TPM upon coatiri§. Further quantitative
verification of the particle homogeneity, size, polydispersity,
and surface potential was achieved by applying the GIFT I
approach of Glattet?*? [ -
Brownian and dispersion forces comprise the remaining
thermodynamic forces in these dispersions. The index
matching of the particles to the solvent minimizes the van
der Waals interactions compared to the Brownian and elec-
trostatic interactions. Further evidence that the particles are
not simply hard spheres is indicated by the deviation in the
Huggins coefficients from the hard sphere value of
KH%1-39'4O The Huggins coefficients for these dispersionsF!G. 2. (@) Stress jump measurement frop=1 s (below critical shear

) e . med " : .
average slightly over 2, due to weak, short-range eleCtrOStatltEICkenmg stregsto y=3 s+ (above critical shear thickening strgshen

. . . réturning toy=1 s ! on the HS1000 dispersion gt=0.53 with a Bohlin
interactions from unreacted silanol groups. CS rheometer(, filled) Rate jump performed on the same dispersion from

SANS measurements were also performed in the NISTy=1s'to ¥=3 s * and back performed on an RMS-800 controlled rate
Couette shear cell and will be reported in detail elsewfére. rheometer.
Extensive investigations of both radi&n) and tangential
(off) ax!shscattermg demonstrated ggeqw;]/océ(ﬂm agree-  gpserved to fracture and fail. This observation provides evi-
ment with our previous measurem ton these systems as yonce for the “jamming” observed in the simulations of
well as those of others on similar systetfighat the samples Melrose and co-workers
do not order and that no order—disorder transition accompa- Figure 3 shows a representative example of viscosity

nies shear thickening. curves at various volume fractions obtained on a controlled

Table 1 also compares the density of Si@etermined  gyoqsq rheometer. The viscosity of the solvent THFFA at
from gravimetric density measurements to the hydrodynami6g oc ig 544 cp for reference. In the shear thickening regime

particle density determined from dilution viscometry experi-each flow curve consists of an up and down sweep in stress
ments. A hydrodynamic particle density substantially 1essy;i minimal hysteresis. At low and intermediate particle
than the density of amorphous Si6uggests particle poros- ¢qncentrations ¢<0.49) the viscosity increases smoothly
ity, which has been reported by some autitrs who ob- 15 the shear thickening region. However, at higher solids
tain particle densities of approximately 1'65,9%'“9“3’ the |9adings, the viscosity curve at the shear thickening transi-
particle densities from solution  densitometry  (1.81{jon hecomes discontinuous. In all cases the shear thickening

+0.08 g/crﬁ)7 are comparable to results reported by Ruebygnsition is reversible with little or no observable hystersis
and Zukoski’ (1.8+0.05 g/cni), who found better rheologi- and no particle aggregation.

cal correlations using the gravimetric density. NMR spec-
troscopy provides evidence that the silica is not a fully con-

%Egﬁ%:@%m-

n (Pas)

o0 mAAEt

aRJ O rOn £

o

100 150

time (s)

densed Si@network, thus supporting microporosfy;,3'>* 10" —ag . .
but suggests that these micropores are inaccessible for sol- i i';!: .
vent penetratiori* Thus, the hydrodynamic and gravimetric 10°E it est ]
densities should be similar, but lower than amorphous bulk g * Az‘ .
silica (2.2 g/cn). Throughout our work we use a gravimetric 10° . ¢:A59" v R
density for converting weight fractions into volume fraction. > ‘m 0=.57 LA : o]
The shear rheology of all our dispersions exhibited é o' : ¢j§g Jiot 8 .;'_:o_
highly reversible(i.e., little or no hysteresjs shear thinning = - 3;34 T, A’::. *, S:.:;t‘
flow curves with reversible shear thickening at higher shear 10’ [« 0=51 1. \ bt;_ s .;A o]
rates and particle loadings. The reversibility of the transition iq “’f'jg SREPRAL YOS
and the time response is evident in Fig. 2, which compares . : i;;“ ':.,‘:u j:::::::.:
data for stress and rate jumps into the shear thickening re- 10 fe =36 6111:;;’{,’;;;{252'55 3
gime taken on controlled stress and controlled rate rheom- e e=3l Preaizaananie®
eters, respectively. T T T
The shear thickening is reversible, and the response time t (Pa)

is observed to be faster than our data acquisition {ims.

Further, under controlled stress conditions, the sample can HeG. 3. Steady state viscosity curves measured with cone and plate geom-

studied at a steady, shear thickened state. Under Comrolleegy on a Bohlin CS c_ontrolled_ stress rheometer for the HS600 dispersion at
L. L . . various volume fractions as indicated. The curves ¢o#0.49 are com-

rate conditions, the behavior in the shear thickening stat@ised of both ascending and descending stresses to illustrate the lack of

becomes erratic and if sheared long enough, the sample ligsteresis.
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FIG. 4. Viscosity curves shown in Fig. 3 corrected for secondary flowsFIG. 5. Viscosity curves measured with a 20 mm parallel plate geometry on
according to Eq(1). a Bohlin CS50 controlled stress rheometer for the HS300 dispersiogis at

=0.50 with various rheometer gap sizes.

Previous studies suggest that there may be a lowest vol-
ume fraction below which shear thickening does notcreases with decreasing gap size. Notice, however, that the
occur®?*whereas theory and simulatiof?**®demonstrate  shear stress at the onset of shear thickening remains nearly
that shear thickening occurs even for dilute suspensions, bebnstant .~ 10 Pa) over the range of gap sizes shown. Ex-
that the viscosity increases only logarithmically with the ap-periments conducted on a lesser concentrated sample of the
plied shear rate. Note that in Fig. 3 the lowest concentrationsiS300 dispersion ¢=0.45) show no dependence of the
(< 0.41) appear to weakly shear thicken, but an analysis ofritical stress on the gap sizes for gaps as low asu@0
the secondary flows indicates that the small increase in visFurther decreases in the gap size below20 lead to the
cosity may be an artifact. The corresponding viscosity curvesccurrence of a yield stress in the dispersion. The yield stress
corrected for secondary flows according to E.are replot- may be due to a percolated microstructure that completely
ted in Fig. 4. In performing this correction, the viscosity at spans the rheometer tooling at the smaller gap sizes, similar
the minimum in the flow curve is used to calculate the Rey-o that observed in other systeffs.
nolds’s number and the value afis taken to be that ob- Standard analysis of the slip velocity and slip lentftf®
tained on a comparable Newtonian oil. The corrected viscosthat account for non-Newtonian fluid effects, are performed
ity data at high solids concentrations show no significanton the data presented in Fig. 5. Plots of the apparent mea-
change from the uncorrected data. Contrarily, the correctiosured shear rate at constant plate edge stress vs the inverse of
of viscosity data at low concentrationg{0.41) and large the gap yield measures of the slip velocity and the true shear
shear stresses indicates that secondary flows, which causede. Calibration of the method and instrumenthwat5 Pa s
an erroneously higher viscosity, impedes accurate assesstione oil yielded a slip length of 5890.9um, in good
ment of the critical shear stress for dilute dispersions withagreement with expectation based on a molecular slip
weak shear thickening. For these dispersions, rheo-opticéhyer>®
techniques may supply a better method for extracting the For the colloidal fluids tested here in the sh#anning
critical point for shear thickeniny? Thus, reducing the vol- regime the slip length and slip velocity can not be resolved
ume fraction results in a transition from discontinuous sheawithin experimental measurement uncertainty. This is con-
thickening to a less extreme shear thickening, but instrumergtistent with the slip length being on the order of the colloidal
limitations prevent definitive determination of a critical vol- size. Contrarily, during shear thickening substantial slip is
ume fraction below which shear thickening occurs. Similarobserved such that the analysis yields true shear rates that are
results were obtained for all of the dispersions of other parenly a few percent of the apparent shear rate. The resultant
ticle sizes. slip lengths are, to within uncertainty, the size of the gap.

Another difficulty in defining a critical shear stress for Thus, we conclude that for the discontinuous shear thicken-
shear thickening has been reported in investigations wher@g samples, in the shear thickening regime the sample so-
the critical stress varies with rheometer gap thickif8$8g-  lidifies and does not flow. This observation is consistent with
ure 5 shows a set of viscosity curves for the HS300 disperthe solidification observed when attempting to pipette these
sion at$=0.5 and various gap sizes, all of which are sig-liquids. This observation also confirms the detailed simula-
nificantly larger than the particle size. The data are typical otions and theoretical models of Melrose and co-worRérs,
extreme shear thickening samples, where increases in shesho determined that true, hard-sphere dispersions will
stress in the shear thickening regime result in increases ifjam” when shear thickened and cease to flow. The analysis
viscosity, but not in shear rate. Although the low shear rhe-of gap effects on shear thickening rheology further empha-
ology remains essentially independent of gap size, the vissizes that shear thickening is controlled by the applied shear
cosity in the shear thickening regime systematically destressand not shear rate, as the sample ceases to flow upon
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FIG. 6. Viscosity curves, corrected for secondary flows, for dispersions with /G- 8. Critical shear stress for shear thickening as a function of volume
various particle sizes ab=0.50. fraction for the various dispersions employed in the investigation.

arent zero shear viscosity data for all the dispersions can be
it to a Krieger—Dougherty formiEq. (4)]. The maximum
packing volume fractions extracted from this data reduction
are listed in Table I. The trend in the maximum packing
volume fraction for the dispersions follows the same trend as
}/Ka for the dispersions. Note, thata is only weakly de-

by scaling the shear stress by the Brownian stregéksT pendent on volume fraction due to the background ionic
B . . . . .

However, this scaling fails to account for the variations instrength. The dlm_enS|onI§ss ratio .Of .the Debye screening
length to the particle radius, &, signifies the fractional

the minimums of the viscosity curves. Instead, these varia:- in the effecti di t th icle due to the i
tions appear to be influenced by the magnitude of the elechCcreéase In the efiective radius ot the particie due 1o the ion

trostatic charge. Observe, that the minimum of the viscosit ouble-layer surrounding the charg_ed pgmcle, as pel(3aq.
lues of the parameter are also given in Table I, and are

tends to decrease with increasing electrostatic charge as ¢ A ble o th determined f h irated
be seen by comparing Fig. 6 with the zeta potentials tapycOMmparabie 1o those determined for other, concentrated,
lated in Table 1. charge stabilized dispersiofisThese values ok correspond

to the approximate separation distance at which the potential

Figure 7 provides another illustration of the effects of. 1kaT. Thus. th h : it its furth
the electrostatics on the rheology by plotting the apparen g!. 1Nus, the zero shear VISCosily results turther con-
irm the important influence of the relatively weak, short

zero shear viscosity as a function of the ratio of the volume lectrostatic int . t hiah dicl i
fraction to the maximum packing volume fraction. The ap_range electrostatic interactions at high particle: concentra-

strong shear thickening, and yet, can be readily made to flo
by reducing the applied stress.

Figure 6 illustrates the effects of particle size on the
dispersion rheology at fixed volume fraction. The flow
curves systematically shift to lower shear stresses with in
creasing particle size, which can partially be accounted fo

tions.
Each dispersion was examined in similar rheological de-
10" s . I tail and the onset of shear thickening identified from a
double logarithmic plot of the data corrected for the effects
: gg{go of secondary flow. Figure 8 summarizes the critical shear
. & HS300 , stresses for shear thickening as a function of volume fraction
10°F A gg?ggo for the monodisperse suspensions. The critical shear stress
v

increase systematically with decreasing particle size. How-
ever, the critical shear stress is relatively insensitive to vol-
ume fraction whereas the critical shear rate is observed to
decrease strongly with increasing volume fraction.

As noted previously? shear thickening in these disper-
sions is governed by the applied stress. Previous authors
have tried to correlate the dependence of the critical rate for
shear thickening on particle size with limited succe¥s.
Here, we simply plot the measured critical stress vs the par-

0.0 0.2 0.4 0.6 0.8 1.0 ticle size for our homologous series of chemically similar
/9 particles. As shown in Fig. 9, a power law regression yields
o _ _ a dependence oi~ %1916 Although there is substantial
FIG. 7. zero shear viscosity data as a function of reduced volume fraction, ., yer i this plot, a power law plot of the critical sheae
(! pmay for the dispersions employed in this investigation. The line is the ™, . 0; .
Krieger—Dougherty equation for reference. The valuesgf, are listed in ~ With size, such as has been propos€dis not viable due to
Table I. the strong volume fraction, as well as size, dependence. As

n/u

max
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FIG. 9. Critical shear stress plotted against particle radius for all the disperFIG. 11. Critical shear stress for shear thickening as a function of volume
sions at all concentrations. The line is a power law regression with slope ofraction for various bimodal suspensions.
—2.11+0.16.

ing required for the order—disorder transition required by the
analyses of Hoffmal! and Boersmat al®

will be shown shortly, explicit consideration of the role of Figure 11 illustrates the dependence of the critical shear

the interparticle potential on the onset of _shear_thickening IStress on polydispersity by plotting the critical stress as a
neclezssary tl% Lcljpdelrstand the beha_wo;l evident in ]Ehese pIQtﬁJnction of volume fraction for various bimodal dispersions.
Figure 10 displays representative flow curves for a serieg., . reference the critical stress values for the monodisperse
of bimodal mixtures, as gchleved .by bimodal mixing of t.heHS300 and HS1000 dispersions are include in Fig. 11. The
afoieonggnuzn(lad dlzpersmns, a:] f'xifd totalfvo_lu_me fr(‘j‘Ct'O'}:riticaI stresses measured for the bimodal suspensions of the
(¢= o )Z tlow shear rates, the efiects of mixing reduces 5344 and HS1000 lie between the values for the monodis-
the viscosity, Wh.'Ch can be gnderstood 'quahtatl\./ely n termsperse suspensions. The increase in polydispersity obtained
of an increase in the maximum packing fraction and thg,;y the bimodal suspensions decreases the suspension vis-

Krleger—Douggerty unat'f?' Ath'hllgher shggr lrates, the hcosity and the severity of the shear thickening and hence, the
mixtures are observed to shear thicken at critical stresses thgke s of shear thickening become unobservable at volume

'é‘ sigﬁilar rzs\lj\llt wazﬁriportled by D(’szene_ and_l\/_le\ﬁﬂs?nd For example, shear thickening in the 1:1-HS300:HS1000 bi-
ender an agner. As also noted therein, mixing of par- modal dispersions becomes immeasurable at volume frac-

ticle sizes can lead to a less severe shear thickening tran3|ons below 0.44. whereas shear thickening for the pure
tion. Note also that such mixtures would preclude the packi_|S300 dispersion is apparent to volume fractions to 0.37.

This is consistent with the increase in maximum packing
fraction upon mixing.

For comparison and completeness, the scaling proposed

® 00/ uision0=1/0 ] by Bender and Wagné?, where the hydrodynamic and
i B 0o/ Ousionn=' 1 Brownian forces are proposed to be in balance, is applied to
N v ® Oy Ousion= /1 the data. The results of this scaling are shown in Fig. 12.
10 ,'YV' .' v A q)sto/q)Hsm(m:l/?’_ T i It ident fi thi lvsi First
Y " vy o wo important results are evident from this analysis. First,
= v ', v HS300 T HS 1000 the magnitude of the reduced critical stress is of order 100,
g 1 .. 7 not of order one as would be expected if the forces were
z 10° ¢ \X:' °y E actually in balance. Second, the reduced critical stress is not
L oY . observed to collapse to a common value across all data sets,
R il', ot showing that the B® Brownian scaling alone does not suf-
o . . .
10°E A‘:° ot E fice. Closer examination of the plot, however, shows that
‘A"‘ "-\} g some of the data sets do appear to reduce to a common value
.8 of approximately 300. The greatest deviations are seen for
107! ottt the samplgs yvith e_ither high surface potential; or low va}lues
10° 107 100 107 10 10" 10" 10 of xa. This is evidence that the electrostatic interactions
v(s™h must be accounted for in the force balance. Note that in the

FIG. 10. Steady state viscosity curves for the bimodal suspensions of HS308
and HS1000 at various mixing ratios as indicated and constant volume frac-

previous work® similar particles of a more restricted size
nd volume fraction range were examined. This scaling was

tion (0.53. Each curve is comprised of both ascending and descendingufficient to collapse this smaller data set, but with values

stress.

still of order 10 for the dimensionless critical stress. The
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FIG. 12. Dimensionless critical shear stress as a function of volume fractiofr!G. 13. Dimensionless critical shear stress as a function of volume fraction
for the various dispersions employed in this investigation. The scaling ifor the various dispersions employed in this investigation. The scaling is

based on the balance of hydrodynamic and Brownian forces at the criticdfased on the proposal by Boersgtaal. of a hydrodynamic and electrostatic
shear stress for shear thickening. force balance at the critical shear rate and supplemented with mean-field

correction proposed by Bender and Wagner.

more extensive data set presented here shows that this scal-
ing is not sufficient to correlate the onset of shear thickening{:0
for these near hard-sphere dispersions.

The separation distanck,,/a is plotted in the inset and
mpared to Eq(6). The force balance of Melrose and Ball
results in a closer approach that is less dependent on particle

C;omparlson o the pr.oppsed sgalmg(ﬁh‘ef. 3.’ Wh'Ch. concentration, which is more physical than the simple geo-
considers the electrostatic interactions to dominate, y'eldﬁwetric argumentEq. (6)]

dimensionless critical shear rate. This scaling is found not to Although, this scaling collapses the data from different

reigg.f the nt1easured ;jata 1‘th tdhe critical .Shfr?r ra’F? blquatr Article sizes reasonably well, a strong volume fraction de-
exNIDITS & Stong, systematc decrease in e critical Feclefangance is still evident. Within the framework of this ap-

Euntfer \mth |n|creasmg vltljlurge fra(;tlon an_fl dparl'glclle 5|tzhe. roach, a suspension should not shear thicken until the di-
ur etr'c{ fe v: ues ;ria ”orf%r]s ° magr:| uae e_ov(\;_ ensionless shear rate is greater than one, i.€)=Me
expectedor order ong. As all of he parameters required In ., clearly is not satisfied. This deviation, which is not

the analysis are accurately and independently measured aggen in the simulations can be traced to the retarding effects

verified, thgse systematic deviations indicate that the_ Progs many-body hydrodynamics on the relative particle mo-
posed scaling for the critical shear rate does not contain th

ﬁon, and hence, the slowing down of the hydrocluster relax-

correct model for the onset of shear thickening. This alsa_.. . ; . : .
demonstrates that on a well defined, chemically similar set o?tlon (which are neglected in the simulations\pplying the

particles of varying size, Barné§'proposed H? scaling for
the critical shear rate is not observed.

The volume fraction dependence evident in the critical 100_ T T e HS75

shear rate can be largely accounted for by the mean-field i B HS150
13 . . . . A & HS300

correction.” Adopting the viewpoint that shear thickening is o'k o A HSE00 -
a consequence of hydrocluster formation results in the di- J‘j o e g e ¥ HS1000
mensionless critical stress given by E§). The data is plot- o - e
ted according to this reduction in Fig. 13. This reduction of 107 g6 : : }ﬁa i 3
the critical stress for shear thickening is now closer to the s i T s o
expected order and nearly independent of volume fraction, N TI .
but as noted above, fails to account for the strong effects of O . T
particle size. ozl e ] —

As the force balance approach is not sufficient to esti- 10°F y ;:.’:_:‘. - 4
mate the onset of shear thickening, we consider the argument L T
of Chow and ZukosRP and Melrose and Baff which sets a ; o
criterion on the dynamics of the hydrocluster formation and Y 05 Y
relaxation under flow. A similar balance between the hydro- o

dynamic and electrostatic forces is used to set the character-
istic separation distanddq. (12)]. Calculations of the ratio FIG. 14. Dimensionless critical shear rate as a function of volume fraction

; ; ; ; ; _ for the various dispersions employed in this investigation. The scaling is
of convection to relaxation timgeq. (11)] yields a dimen based on the proposal by Melrose and Ball. The inset plot shows the values

5|0n|es_5 C”_t|ca| shear rate. The results of this analysis arg; ihe calculated surface-to-surface separation as compared to the geometric
shown in Fig. 14. ansatz.
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) ) . . _ FIG. 16. Dimensionless critical shear stress as a function of volume fraction
FIG. 15. Dimensionless critical shear stress as a function of volume fractiofyr yarious bimodal dispersions employed in this investigation. The scaling
for the various dispersions employed in this investigation. The scaling iSs pased on the dynamic balance proposed by Melrose and(®etl 23
based on the proposal by Melrose and Ball corrected for many-body hydrogith the mean-field many-body hydrodynamic correction.
dynamic interactions.

V. CONCLUSIONS

Measurements of reversible shear thickening over a
mean field correction for the many-body hydrodynamic in-broad range of model, near hard-spheréo8tasilica disper-
teractions results in the reduction to toetical stressfor  sions of varying particle size, but of the same chemistry, as
shear thickening, given in shown in Fig. 15. well as bimodal mixtures of these particles, provide evidence

Clearly, this scaling analysis nearly collapses the data tdor the hydrocluster mechanism of shear thickening. Charac-
a volume fraction independent constant of order one. Therterization of the interparticle interactions indicates that de-
is a weak, systematic residual dependence on particle sizepite coating with a silanol coupling agent, residual, unre-
which accounts for part of the observed scatter. Although th@cted surface silanol groups lead to short range electrostatic
nonlinearity of the equations does not enable extracting #énteractions that are shown to strongly influence the rheology
simple powerlaw size dependence, comparison with Fig. @f highly concentrated dispersions in a polar, index matching
indicates that the critical stress must scale approximatel@rganic solvent. Analysis of the gap dependence in the shear
W|th inverse partic|e Size squared to Successfu”y reduce th@ickened state indicates that severe shear thiCkening results
data. in “jamming” such that the sample solidifies and slips, in

This scaling analysis provides the only acceptable reduc@dreement with simulations that account accurately for lubri-
tion of the experimental data. A critical test of this scaling is¢&tion hydrodynamics. There is no evidence for a lower vol-
achieved by applying it to the measurements on two differentme fraction for shear thickening; however the severity of

sets of bimodal dispersion rheology. In this analysis the av:[he shear thickening is greatly suppressed as the volume frac-

erage particle radius, surface potential, and Debye length aflon 1s retdu;:i? and iet?nlfary rovxk/Js prevder_n gct:cltirat_e mdea-
simply calculated as number averages from the monodis2 ' cMent of Ine weak thickening observed In Stokesian dy-
namics simulations of dilute, hard sphere dispersions.

perse disperse suspensions. Figure 16 shows the results 0 The data for the onset of shear thickening and the analy-

exte_ndmg this new analy3|s to the blmoqlal SUSPENSIONS.oo of that data within the framework of various models for
Again the scaling analysis performs well in reducing the

dat d vields a di ionl itical sh ¢ ¢ dthe phenomena establish that shear thickening is stress con-
a a’ﬁ? y'i sa I_lmensmndess cn 'C_‘Z shear stress of ol 1ed and that electrostatic repulsion plays a dominant role
one. Thus, the scaling procedure provides an accurate procg; determining the onset of shear thickening in these disper-

dure for predicting the critical shear stress for polydispersesions_ Previous proposals for reducing the data based solely
suspensions in addition to monodisperse Suspensions. o force balances fail to reduce this data set. Accounting of
Finally, we note that the modified analysis proposed hergne gynamics of the hydroclustered state leads to an im-
provides a method to actually calculate the onset of shegiroyed and robust method for scaling the experimental data.
thiCkening, not just a method to Correlate eXiSting dataAS Shown' proper accounting for the many_body hydrody_
Equations(12) and (13) are a closed set that can be solvednamic interactions is essential to reduce data across a broad
simultaneously for the mean separation distance and criticahnge of particle concentrations, which can be accomplished
shear stress at the point of shear thickeringererii~1).  to first order by a mean-field correction. Introducing this cor-
Note that, in agreement with theory, this analysis does notection for suspension concentration into the dynamic scaling
predict a lower critical volume fraction for hydrocluster for- proposed by Melrose and Ball provides a robust reduction of
mation and shear thickenir{@lthough the extent or severity the experimental data for both monodisperse and polydis-
of the shear thickening is not specifjed perse(bimoda) dispersions. Further, these equations can be
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used to predict the onset of thickening directly from knowl- expression for the hydrodynamic force acting on the pair in
edge of the physicochemical properties of the dispersion. terms of the applied shear stress, which is the product of the
suspension viscosity and shear rate,
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MODELS The ratio of this force to the dominant repulsive force,
: a which for Brownian hard spheres is given by the statistical
The scaling argument of Bender and Wadnéollows a expression  of Batcheld?, Feropmar= —KT[dIng(r)/ar]

similar derivation as presented earlier by' Boe.rsanal.f should be of order one at the applied shear stress when hy-
whereby a force balance_ between two partlcle_s IS C9ns'_Olereciroclusters form and shear thickening is evident. This ratio is
at the point of shear th|cken|ng. AlthOUQh similar in fma_l given in Eq.(5). This balance is readily generalized to in-
form, '_[he cor.lceptual picture underlymg the two deeIs Sclude interparticle forces, such as repulsive interactions as
very different; Boersmat al. consider the forces required to considered by Boersnet al. Finally, it is essential to specify

rotate t.WO particles out of aflow—ahgngd ordgred mmrostruc-the viscosity at the shear thickening point if one wishes to
ture aligned along the flow planes in laminar shéia.,

Hoff , 4P), while Bend dw id calculate the shear rate for the onset of shear thickening. In
offman's proposar), while bender and Wagner Consic- s case ropust correlations for hard-sphere visctsity
ered the conditions necessary for hydrodynamic lubricatio

"Lan be applied?
forces to determine the colloidal microstructure in a laminar PP
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